Multicomponent diffusion in glasses - Theory and application to tektites by Varshneya, A. K.
Kumar Varshneya 
https://ntrs.nasa.gov/search.jsp?R=19700031711 2020-03-11T22:45:21+00:00Z
Page Line 
2 
12 
15 
1'7 
18 
19 
23 
25 
27 
33 
42 
49 
90 
150 
1'73 
9 
13 
4 
3 
1 
6 
1 
5 
10 
3 
2 
3 
9 
5 
abscissa 
Read as 
(4.d) 
an 
(9) 
where 
to 
(19) 
(29) 
(35, 36) 
rea1 
(36)  
(37 1 
austenite 
contribution 
meteorites 
MULTICOMPONENT DIFFUSION IN GLASSES - THEORY 
AND APPLICATION TO TEKTITES 
bY 
ARUN KUMAR VARSHNEYA 
Submitted in partial fulfillment of the requirements 
for the Degree of Doctor of Philosophy 
Division of Metallurgy and Materials Science 
CASE WESTERS RESERVE UNIVERSITY 
September, 1970 

MULTICOMPONENT DIFFUSION I N  GLASSES - THEORY 
AND APPLICATION TO TEKTITES 
Abstract 
by 
ARUN KUMAR VARSHNEYA 
Unidirectional,  semi- inf ini te  d i f fus ion  couples were 
made a t  temperatures between 65OoC and 8OO0C, along four direc-  
t ions  on the K 0-SrO-Si0 composition space near t he  20,20,60 
w t .  % composition. I t  w a s  found t h a t  Onsager's extension of 
F ick ' s  law provides an adequate descr ip t ion  t o  t h e  k ine t i c s  of 
multicomponent d i f fus ion  process through the  use of an in t e r -  
d i f fus ion  coe f f i c i en t s  matrix. 
vector  - eigen value concept i s  pa r t i cu la r ly  he lpfu l  i n  v i sua l i -  
zing the  k ine t i c s  of d i f fus ion .  
2 2 
I t  is  a l s o  shown t h a t  a; eigen 
The r e l a t i o n  between the  in t e rd i f fus ion  coef f ic ien ts  
and the  se l f -d i f fus ion  coe f f i c i en t  i n  t h i s  system was quantita- 
t i v e l y  examined using the atomic mobili ty model. The model was 
found t o  p red ic t  the  r e s u l t s  w e l l .  Calculations of the  e lec t ro-  
s ta t ic  f i e l d s  and t h e  accumulation of space charge within the  
system support the  assumption t h a t  the system preserves s t o i -  
chiometry during d i f fus ive  mixing. 
ii 
The concept of an e f f ec t ive  binary d i f fus ion  coeff i -  
c i e n t  (EBDC) i n  a multicomponent system w a s  applied t o  t h e  problem 
of o r ig in  of t e k t i t e s .  Sections of a Thailand t e k t i t e  w e r e  ana- 
lyzed under an e lec t ron  microprobe f o r  composition f luc tua t ions .  
A comparison i s  made with s imi la r  data from laboratory-synthesized 
t e k t i t e  glasses  and o ther  na tura l  glasses  including lunar specimens 
from t h e  Apollo XI1 site.  To estimate the k ine t i c s  of d i f fus ive  
mixing of l oca l  composition f luc tua t ions ,  t he  EBDC of i ron  and 
s i l i c o n  were measured a s  a funct ion of temperature above 115OOC i n  
the  laboratory-synthesized t e k t i t e  glasses.  
thermal h i s to ry  of 2172 Thailand t e k t i t e  a re  suggested by calcula- 
t i n g  the  t i m e s  required t o  convert a hypothet ical  t e k t i t e  source 
i n t o  a specimen with comparable homogeneity. 
L i m i t s  f o r  minimum 
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CKAPTER 1 
INTRODUCTION 
"It is  easy t o  t e l l  a l i e .  But it is  hard t o  t e l l  only one l i e . "  
-- Quoted i n  Ennis, Texas, News 
Tekt i tes  (Greek ' t ek tos '  = melted) a re  primarily high 
s i l i c a  alumina containing g l a s s  bodies found on various p a r t s  of 
the ea r th ,  both on land and under the ocean beds. Their s i z e  
ranges from a f r ac t ion  of a mill imeter t o  several  centimeters. The 
majority of t e k t i t e s  recovered from ocean beds are smaller than a 
millimeter (and hence named microtekt i tes)  whereas the  land samples 
a re  usually bigger. The color of these bodies var ies  from almost 
co lor less  t o  dark greyish green and they occur i n  shapes of dumb- 
b e l l s ,  teardrops,  buttons and other  various forms. They a r e  named 
according t o  t h e i r  recovery areas ,  e.g., a u s t r a l i t e s ,  indochinites 
and moldavites. 
The glassy nature of t e k t i t e s  w a s  i den t i f i ed  as  ear ly  as 
But not u n t i l  recent ly  has the  question con- 1788 by J. Mayer(l-1- 
cbrning t h e i r  o r ig in  been ser iodsly debated. 
the o r ig in  of t e k t i t e s  have bqen reviewed by O'Keefe(2f. 
recognized ones associate  the t e k t i t e  formation with an impa.ct of 
Hypotheses t o  explain 
The more 
- 1 -  
- 2 -  
a c e l e s t i a l  body with the  ea r th (3 )  or  the  a 
The former, v iz .  the  terrestrial  o r ig in  hypothesis 
i s  based e s s e n t i a l l y  upon the argument t h a t  the chemistry and 
the i so topic  cons t i tu t ion  of t e k t i t e s  is  similar t o  terres- 
t r i a l  rocks. However, the  resemblance t o  most other  impact 
e j ec t a  i s  l i t t l e  and, i n  some cases ,  impaet craters associated 
with a tekti te-strewn f i e l d  have not  been iden t i f i ed .  
Ablation marks on t e k t i t e s  a r e  cons is ten t  with a 
s ing le  en t ry  a t  a grazing angle through the  upper atmosphere (3d) e 
This na tura l ly  leads t o  suggest an e x t r a t e r r e s t r i a l  o r ig in  f o r  
t ek t i tes .  Absence of 26A1 i n  t e k t i t e s ( 5 )  suggests t h a t  t h i s  
e x t r a t e r r e s t r i a l  body is  most l i k e l y  the moon and t h a t  the tek- 
t i t e s  did not s tay  a s  *satell i tes i n  the earth-moon system f o r  
-- 
more than a few years ( 6 )  . 
Based upon a la rge  number of computer ca lcu la t ions ,  
Chapman(7) showed t h a t  lunar e j e c t a  along the-  pr inc ipa l  rays  
emanating from the  crater Tycho would be compatible with the  
geqgraphical d i s t r ibu t ion  of Australasian t e k t i t e s .  Chapman (81 
a l s o  succeeded i n  making dumbbell, button and other  shapes of 
t e k t i t e s  by subject ing synthe t ic  g lasses  through a wind tunnel 
under various conditions. 
Arguments of lunar o r i g i n  are na tura l ly  based upon the  
assumption t h a t  t he  chemistry of lunar surface i s  s i m i l a r  t o  t h a t  
- 3 -  
of the earth. 
and that of tektites is only 2.4 g/cc, a-lunar origin requires that 
part of the lunar crust which acted as the source of tektites, must 
have undergone differentiation by volcanic activity or metamorphism. 
Since the averagecdensity of..ths-moon is 3 . 3  g/cc 
A crystalline lattice can be made to lose its long range 
order in two ways following an impact. 
shock wave without a significant amount of heat energy produce the 
so-called diaplectic glasses (9) , sometimes- also termed the theto- 
morphic glasses(lO) 
talline material are preserved in these shock produced glasses. 
This is expected because significant homogenization between adjacent 
grains does not occur due to the lack of long distance diffusion 
which is a high temperature process. 
Shear associated with a 
The original grain boundaries of the crys- 
The second way of producing a glass fallowing an impact 
is by actual melting of the crystalline material. 
Sufficient evidence in favor of the latter in case of most 
of the tektites is provided by petrographic studies(ll) 
exception, where the grain boundaries do exist is t h e  Muong-Nong 
tektites. Whereas the Muong-Nong tektites can be regarded as dia- 
plectic, the presence of a relatively high degree of homogeneity 
within the grains(12) suggests that they might havecbeen glassy even 
before the impact. 
A primary 
No large bodies of natural glass approximating the tektita 
- 4 -  
cQmposition are found i n  the  v i c i n i t y  of t h e  recovery areas of the 
t e k t i t e s .  An individual  terrestrial mineral.matching the  chemical 
composition of t e k t i t e s  exactly i s  not found. 
are the  subgreywackes from Henbury, Austral ia(3d i13) bu t  these 
deposi ts  are physical mixtures of minerals- including quartz gra ins  
of 0.2 - 0.5 nun s izes .  A t e k t i t e  or ig ina t ing  on the ea r th ,  there- 
fore ,  requires a thermal h i s to ry  following the impact which is  of 
s u f f i c i e n t  temperature and durat ion t o  permit melting and homo- 
genizing of the mineral mixture. 
Closest ,  perhaps, 
T f ,  however, some f r a c t i o n  of the  lunar c rus t  w e r e  
g lassy,  then it would be possible  t o  explain t h e  ult imate homo- 
geneity of t e k t i t e s  i n  t e r m s  o f ,  even, a moderate rise i n  tempera- 
t u r e  only of a glassy mineral following an impact. The d i ap lec t i c  
nature of Muong-Nong tektites could also be e a s i l y  accounted f o r ,  
This r e l a t i v e  ease i n  explaining led t o  the  o r ig in  of 
the  hypothesis t h a t  "the mOon i s  glassy". 
On Ju ly  20, 1969, the  spaceship, Eagle, landed i n  Mare 
Tranqu i l i t a t i s  on the  surface of the moon. Mill ions of TV viewers 
heard Commander N e i l  Armstrong i n d i c a t e ~ t h a t  some rocks were l i ned  
w i t h  ves icu lar  material. 
Soon a f t e r  t he  r e tu rn  of Apollo X I  with lunar samples, 
it w a s  discovered t h a t  indeed as much a s  50% or  even more of the  
lunar s o i l  w a s  g lassy.  Glass beads less than a nun i n  s ize ,  which 
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were rather similar in appearance to the-ocean bed tektites (the 
so-called microtektites) were abundant. 
This did not end the tektites story in favor of a lunar 
origin because shortly afterwards, it was discovered that the 
chemical composition and the age estimates of Mare Tranquilitatis 
do not appear to have any relationship to those of tektites. 
The success of the Apollo X I 1  mission brought a new 
It was found that the materials from Oceanus Procel- discovery. 
larum (Sea of Storms) is less glassy, with a chemical composition 
having some resemblance to that of tektites. 
estimates were still nearly the same as those of Mare Tranquilita- 
tis e 
The preliminary age 
The chemical heterogeneity of the lunar  crust, thus, 
kept the lunar origin hypothesis of tektites-alive. Since the 
possibility exists that glass with matching composition may be 
found, the question of adequate thermal history is an important 
one. Is it possible to make tektites out of terrestrial rock in 
a single melting event, perhaps following a meteor impact, and if 
not, what initial homogeneity of the source material is required 
Co be consistent with the as-recovered state of tektites, are 
some of the questions we wish to seek answers for. 
As indicated earlier, homogenization of glass is a typi- 
The magnitude of diffusion coefficients of cal diffusion process. 
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the  various cons t i tu t ing  species determines the-degree of homo- 
genization achieved by the  specimen following.a.therma1 treatment. 
Terrestrial o r ig in  of tekti tes i s  doubtful i f  the  d i f -  
fusion coef f ic ien ts  of the  species  a re  much too low t o  be com- 
p a t i b l e  t o  achieving the  observed degree of homogeneity i n  as- 
recovered t e k t i t e s .  
These arguments reduce t h e  problem t o  a question of 
measuring the  homogeneity i n  as-recovered t ek t i t e s ,  measuring the  
various d i f fus ion  coe f f i c i en t s  i n  the  system and then speculating 
on possible  thermal h i s t o r i e s  which would give r i s e  t o  the as- 
observed homogeneity. 
One r i g h t  away faces  a problem i n  theo re t i ca l  concepts; 
what a r e  these 'various d i f fus ion  coe f f i c i en t s '  i n  a multicompo- 
nent system such as a t e k t i t e ?  
Equations of d i f fus ion  i n  multicomponent systems have 
of ten  been wr i t t en  i n  t e r m s  of Onsager's extension of F ick ' s  f i r s t  
law (14) . 
matrix of d i f fus ion  coe f f i c i en t s  f o r  an n component systerh. 
cu la t ion  of t h i s  matrix becomes tedious as soon as n exceeds 3 .  
This phenomenological approach def ines  an (n-1) x (n-1) 
Cal- 
Some d i f fus ion  data ex i s t ing  i n  l i t e r a t u r e  has been 
analyzed with t h i s  phenomenological approach to .ob ta in  the  d i f -  
fusion coef f ic ien ts  matrix. I t  has not been demonstrated, however, 
t h a t  a d i f fus ion  matrix i s  necessary and s u f f i c i e n t  i n  accurately 
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describing d i f fus ion  behavior i n  a given d i f fus ion  couple. 
ca t ion  of Onsager's hypothesis, thus,  s t i l l - r e m a i n s  open. 
V e r i f i -  
The e f f ec t ive  binary d i f fus ion  coe f f i c i en t  approach(15r16j 
def ines  only one coe f f i c i en t  per species i n  a particular d i f fus ion  
couple and hence avoids the  tedium involved i n  a matrix calculat ion,  
For t h i s  reason, it i s  idea l ly  su i ted  f o r  a system such as t h a t  of a 
t e k t i t e  where the  number of major cons t i tuents  alone exceeds 6. 
While some da ta  has been successful ly  in t e rp re t ed ( l6 )  i n  
t e r m s  of an e f f ec t ive  binary d i f fus ion  coe f f i c i en t  and the use of 
t h i s  approach has been indicated (17) i n  condensed systems, the most 
ser ious drawback w i t h  t h i s  approach i s  t h a t  t h i s  type of coe f f i c i en t  
is  s t rongly dependent upon the  d i r ec t ion  of t he  d i f fus ion  path i n  
the  composition space. 
Another fundamental property con tml l ing  the  d i f fus ion  of 
a species  is  i t s  self-diffusion coef f ic ien t .  The se l f -d i f fus ion  
coe f f i c i en t  of a species is  d i r e c t l y  r e l a t ed  t o  i t s  mobili ty and, 
a semiquantitative estimate through theo re t i ca l  .arguments (18) or  
extrapolat ion from avai lab le  l i t e r a t u r e  on s i m i l a r  systems (19) can 
be made. 
Whereas some models (20) have been suggested t o  relate 
these se l f -d i f fus ion  coef f ic ien ts  t o  the  d i f fus ion  c o e f f i c i  
matrix i n  a multicomponent systemi none of these models has y e t  
been establ ished even on semiquantitative basis. 
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This p ro jec t  aimed a t  performing. the..following tasks:  
(i) t o  show experimentally t h a t  a . d i f f u s i o n  matr ix  
a s  postulated by Onsager's hypothesis is  
necessary and s u f f i c i e n t  i n  describing m u l t i -  
component d i f fus ion  i n  a general  d i r ec t ion  on 
composition space. 
t o  inves t iga te  the  r e Ja t ion  of mobili ty of 
individual  species t o  the  d i f fus ion  coe f f i c i en t s  
matrix i n  a multicomponent system. 
(ii) 
(iii) t o  apply the  e f f ec t ive  binary d i f fus ion  coef f i -  
c i en t  approach t o  estimate the  possible  thermal 
h i s to ry  cons is ten t  with t h e  homogeneity of an 
as-recovered Thailand t e k t i t e .  
For (i) and (ii), the  system K20-SrO-Si02 was chosen, 
pr imari ly  because of i t s  s impl ic i ty  and because a considerable 
amount of r e l a t ed  d i f fus ion  work has already been performed on it 
by the  author. 
This t h e s i s  i s ,  therefore ,  d iv ided- in to  t w o  main parts; 
(i) Diffusion i n  the  KZO-SrO-Si02 System, and (ii) Diffusion i n  
T e k t i t e s  e 
PART I 
D I F F U S I O N  I N  K20-SrO-Si02  SYSTEM 
"I s e e m  t o  have been only l i k e  a boy playing on the  
seashore and d ive r t ing  myself i n  now and then f inding a smoothe 
pebble o r  a p r e t t i e r  s h e l l  than the  ordinary whi l s t  the  g rea t  
ocean of t r u t h  lay a l l  undiscovered before me."  
-- Isaac Newton 
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CHAPTER 2 
LITERATURE SURVEY: Multicomponent Diffusion Theory and 
Experiments 
"A l o t  of today's f r u s t r a t i o n  i s  caused by a surplus of simple 
answers, coupled with a tremendous shortage of simple problemso" 
--Paul Sweeney i n  The Quarterly 
5 2 . 1  THE PHENOMENOLOGY OF MULTICOMPONENT D I F F U S I O N  
In  an isothermal, i soba r i c  system i n  mechanical equi- 
librium, the introduct ion of a chemical concentration gradiept  of 
species i r e s u l t s  i n  a d i f fus ive  f l u x  of i po'as  t o  reduce t h e  
concentration gradient .  The r e l a t i o n  between the  f lux  and the  
force  is  given by Fick ' s  f i r s t  l a w  which is mathematically Stated 
as 
j. 
where Ji  = f l u x  densi ty  of i (mass units/cm2 sec) 
x i  = concentration of i (mass units/cm31 
and D i  = di f fus ion  coe f f i c i en t  of i (cm 2 /set) 
j. 
If the system is isoif;ropic, then both J i  and VXi a r e  i n  the same 
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-11 - '  
direct ion,  y, i n  t he  r e a l  space of the  system. 
case of unidirectional diffusion along y ,  equation (1) can be 
rewri t ten a s  
And, thus, f o r  the 
The symbol V ,  now onwards, w i l l  be used t o  stand for ','-
a Y  
Equation ( 2 )  is t rue  when the only independent concentration gradi- 
en t  prestmt is t h a t  of species i. In  a multicomponent system where 
b 
the  var ia t ion of i is compensated by concentration gradients of 
other species, equation (2)  becomes inadequate. 
In 1945, Onsager(14) extended Fick's first law t o  
describe diffusion i n  a multicomponent system. The f lux  of each 
species could be wr i t t en  as a l i nea r  combination of a l l  the forces 
present. Thus 
( i ,  j = l , 2 , .  . . , n )  
Not a l l  the concentration gradients and the fluxes a re  
independent. Depending upon the choice of the reference frame, 
equation of conservation of species can be writ ten such that one 
of the fluxes and one of the gradients can be eliminated from 
equation (3) .  For example, i n  the volume fixed reference frame (dif-  
fu s ion . r e l a t ive  t o  the loca l  center - of - volume), the mass fluxes,  
- 1 2  - 
J i ,  must follow 
n ,  
C V i  J i  = O 
i=l 
and the  m a s s  concentrations 
n ,  c v i  x i  = 1 
i=l 
(51 
- 
where V i  = p a r t i a l  mass volume*. 
Equations of the type (4 )  and (5) reduce equation ( 3 )  t o  
i, j = 1, 2,  o , ( n - l )  
where the  superscr ipt ,  r ,  on D i j  i s  used t o  ind ica te  tha t  the  
concentration gradient  and the  f lux  of t he  r t h  species have been 
eliminated. 
vi i s  defined as ?K 
It  is  the  change i n  volume of t h e  system due t o  addition of d n i  
mass u n i t s  of i provided the addi t ion does.not s ign i f i can t ly  
change the overa l l  composition of the system. 
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Thus, Onsager's hypothesis describes multicomponent 
d i f fus ion  by an equation of the  form (6) involving an (n-1) square 
matrix of d i f fus ion  coef f ic ien ts  , The coef f ic ien ts  Dr where i#j  i j  
a re  cal led the  cross  or  t he  off-diagonal coef f ic ien ts  and DTi a r e  
cal led the d i r e c t  or diagonal coef f ic ien ts .  
Original ly ,  Onsager (24) formulated equation ( 3 )  i n  terms 
of chemicql p o t e n t i a l  gradients  ra ther  than . the  concentration 
gr8dient;s because it is  the chemical po ten t i a l  gradient which i s  
more fundamental driving force.  Written mathematically 
P 
n-1 
j =1 
-J = c L i j  v p j  
i, j = 1, 2 ,  . , ( n - l )  
The matrix Li j  is  ca l led  the  fundamental coef f ic ien ts  or  the 
phenomenological coef f ic ien ts  or the  conductance matrix. Invoked 
by the pr inc ip le  of microscopic r e v e r s i b i l i t y ,  Onsager suggested 
t h a t  if i n  equation (7)  the fluxes and forces.were defined such 
t h a t  t h e i r  l i nea r  combination generates the:local entropy produc- 
t i o n  then the matrix of phenomenological coef f ic ien ts  is  symme- 
t r i c a l ,  i .e . ,  
Equation (8) i s  termed the "Onsager Reciprocal Relations" o r  
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simply the  ORR. 
Coleman and Truesdell  (22)  have pointed out  t h a t  requir ing 
the  f luxes and forces  t o  generate entropy produetion i s  not a suf- 
f i c i e n t  condition f o r  the ORR t o  s a t i s f y ,  The coef f ic ien ts  w i l l  
obey ORR only when the  l inear  equations w r i t t e n  i n  a given refer- 
ence frame involve a su i t ab le  choice of independent f luxes and 
forces .  In  the  mass f ixed frame, f o r  example, t he  ORR apply only 
when the  f luxes  are m a s s  f luxes  and the  forces  are chemical poten- 
t i a l  gradient  d i f fe rences  V ( u i  - u r ) ,  t h e  chemical po ten t i a l  being 
expressed a s  the  free energy per u n i t  mass of t he  species.  
I t  is  not the  in ten t ion  here to dkisctass the  d i f f e r e n t  
types of reference frames, the  avai lable  choices of f luxes and 
forces  and the  conversion of one set  of coe f f i c i en t s  t o  another. 
Readers a re  referred t o  c i t a t i o n s  (23,241 f o r  more details on the  
subject. 
It s u f f i c e s  here t o  s t a t e  thatthe.phenomenologica1 
coef f ic ien ts  matrix i s  of no addi t ional  advantage over the  prae- 
t i ca l  d i f fus ion  coe f f i c i en t s  matrix a1ready.defiined by equation 
( 3 ) .  If the ORR apply, t h e  number of independent coe f f i c i en t s  i n  
an n-component system is  n4(n-1)/2.  
Another f requent ly  used se t  of d i f fus ion  coef f ic ien ts  
is  t h e  i n t r i n s i c  d i f fus ion  coe f f i c i en t s  rnatzix proposed by 
Kirkaldy (25) and Guy and Smith(20a) ., This matrix M i j  is defined 
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n- 1 
j =l 
-Ji = C. M i j  V X j  V X i  
where v is  the  marker's veloci ty .  Equation (10) is  an extension of 
Darken's r e lg t ion (26)  f o r  binary systems. I n  fact ,  it can be shown 
(27) t h a t  M i j  are t h e  d i l u t e  solut ions approximations of t h e  prac- 
t i ca l  d i f fus ion  coe f f i c i en t s  D i j  - a r e s u l t  which is  cons is ten t  
with Darken's use of i n t r i n s i c  coe f f i c i en t s  f o r  binary systems. It 
i s  worthy of note t h a t  Guy and Smith's proposal requires  n (n-1) 
independent coef f ic ien ts .  
Manning (20c) has developed a model. t o  describe d i f fus ion  
k ine t i c s  i n  a multicomponent system where d i f fus ion  occurs by a 
vacancy mechanism. The f lux  of each species. . is  w r i t t e n  a s  a sum of 
contr ibut ions through i ts  own mobili ty and.through a vacancy wind 
e f f ec t .  In  an ideal system, the  former determines t h e  diagonal 
Coeff ic ient  whereas the  l a t te r  gives  rise t o - t h e  cross  coe f f i c i en t s ,  
All t h e  coe f f i c i en t s  can be r e l a t ed  t o  t h e  n independent tracer 
d i f fus ion  coef f ic ien ts .  
However, t he  concept of a vacancy wind i n  glassy systems 
i s  not  so c l ea r .  Manning's model, therefore., w i l l .  not be discussed 
any fu r the r  and ins tead ,  w e  proceed t o  descr ibe the  atomic mobil- 
i t y  m o d e l  o r i g i n a l l y  proposed by Oi sh i (28 ) ,  Ziebold and Cooper 
l a t e r  extended t o  glassy systems by Cooper 
(29% , 
(20b) 
(2Ob) TO 8 2.2 THE MOBILITY MODEL ;BND ITS 'EXTENSION 
IONIC SYSTEMS 
The underlying concept of this m o d e l  is t h a t  r e l a t i v e  t o  
a f ixed l a t t i c e ,  all the  species move wi th . the i r  i n t r i n s i c  f lux 
dens i t i e s .  I n  addi t ion,  t he  l a t t i c e  itself moves w i t h  a re laxat ion 
ve loc i ty ,  t$, r e l a t i v e  t o  the  l o c a l  center of volunre. 
yF- l o c a l l y  has such values so as t o  s a t i s f y  
T h i s  ve loc i ty ,  
1 
m -  
J Vi Ji = 0 
n 
(11) 
which means t h a t  there  i s  no overa l l  pressure build-up. 
Processes such a s  viscous flow i n  glassy systems can be 
imagined t o  give rise t o  this bulk relaxation.. Ionic systems in- 
c o r p 0 r a t e . m  addi t ional  r e s t r i c t i o n ;  the  system ac ts  t o  prevent a 
build-up of space charge. The e l e c t r i c  f i e l d s  are.caused by the  
d i f fe rence  i n  mobi l i t i es  of individual ions. If a pa r t i cu la r  ion,  
e.g. a cat ion,  is more mobile than an anion,-.then the  motion of 
cat ion w i l l  set up an e l e c t r i c  f i e l d  which.will- tend t o  retard i ts  
own f l u x  and that  of other cat ions and w i l l  increase the f lux  of 
anions i n  the same di rec t ion .  
I f  V Y  is the in t ens i ty  of loca l  e l e c t r i c  f i e l d  and 5 are  
i 
the  charges on the  ions,  then the  net  f lux of i is given by 
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-Ji = xi Bi (VPi 4- Bi V Y )  - ur xi 
i = 1, 2,  . . * , n  
(12)  
Where B i s  the  atomic mobili ty - t he  steady state ve loc i ty  per 
u n i t  d r iv ing  force.  The chemical po ten t i a l ,  1-1, is  measured as 
free energy per p a r t i c l e .  
The condition of near ly  
n 
i=1 
Bi Ji E 0 
I n  s i l icate  s t r u c t u r e s ,  
no build-up of space charge gives 
(139 
the  volume i s  la rge ly-cont ro l led  by t h e  
oxygen spacing, t he  cat ions f i t  i n t o  the i n t e r s t i c e s .  Thus 
- 
‘cations r o  
and so from (11) 
Vo Jo = 0 
(151 
where the  subscr ip t  Q stands for oxygen. 
The molecular chemical po ten t i a l  , pAo, of a compound 
( 3 0 )  A 0 is  given by 
l5,l IBJ 
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It is  convenient ot adopt the  conventions f o r  s ing le  anion systems 
t h a t  
Q0 = 0 (17)  
i .e.,  t he  anion is  i n  chemical equilibrium everywhere and migrates 
only when required t o  preserve e l e c t r i c a l  neut ra l i ty .  
g lasses ,  t h i s  appears a reasonable premise since the  oxygen densi ty  
For oxide 
i s  nearly 
d i f fus ion  
where k = 
(31) constant over a wide range of compositions 
Atomic mobili ty,  Bi ,  can be wr i t ten  i n  terms of the  s e l f -  
coe f f i c i en t ,  Di, as 
e 
Bi = Di/kT 
Boltzmann constant 
W e  can el iminate  BY and Ur, now, t o  obtain for a system containing 
A, B,  C and 0 ions 
1 + -  
kT 'A0 'BO 'B @A0 D131 "BO 
I + -  B @ D 1 Vvc0 kT ''A0 'CO C A 0  C 
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C with corresponding equations f o r  -JB and -J 
where 
and i sums over the  cat ions only. 
Ik is  possible  t o  show t h a t  f o r  i d e a l  solut ions when 
equation (28) i s  converted t o  the  form of (7), t he  ORX a r e  obeyed 
which is  i n  accordance with t h e  suggestions of Kirkwood, e t  a l .  
Requirements of stoichiometry and %he reference frame 
(24) 
enable us  t o  rewrite equation (18) i n  the  form 
with 
B D f '  + X  
"A0 A A .  MA BO 'B "BADg 
Dm = DA € I A A  + aA0 
+ X B D f lCA)  co c c 
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X2 
A0 
'A0 XBo A A 
X 
[-5 D A0 
'AB 'BO DA f 'AB 
=:- 
'A0 'CO D B frBB + 
'BO *A0 B B 
5 D f l C B 3  c c  
= DB fVBB + QB0 D~~ 
5 D f'= 4- X 5 D fScB} 'A0 A A co c c 
2 
'BO 'Bo D =-DB fVBA + @ [-5 D fSBA BO XAo B B 
'BO 'COS 
BA 'A0 
€3 D f r m +  "C DC "CAI (21) 'BO A A 'A0 
where 
The model permits the  in te rd i f fus ion  coef f ic ien ts  t o  be w r i t t e n  i n  
terms of the  se l f -d i f fus ion  coef f ic ien ts  of the cat ions and the  
anion. 
oxide system is  thus (n + I) where one of the coef f ic ien ts  i s  t h a t  
of oxygen. 
The number of independent coef f ic ien ts  f o r  an n component 
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12.3 SOLUTION TO THE DIFFERENTIAL EQURTION 
OF DIFFUSION 
For a system w i t h  n components, t he  f lux  of i is given by 
vx n 
j 
-Ji = ; Dij 
where i, j = 1, 2 e . (n-19 
Application of conservation of i y ie lds  
which, for constant Dn y i e lds  
i j  
n 
The treatment onwards w i l l  involve the  coe f f i c i en t s  I2 i e e o g  
where the dependent var iab les  ( tha t  of species n) have been elirni- 
ij' 
n a t d .  Hencef o r t h l  the superscr ip t  "nrr w i l l  be dropped i e , 
(32% The so lu t ion  t o  equation (25) given below follows Toor 
(33 )  and F u j i t a  and Gosting 
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Multiply by a c o n s t a n t s  and sum over a l l  i. i 
a ;i: si xi 
1 2 a t  - = V ii Dij  si X j  
(26) 
If t h i s  equation were t o  be reduced t o  a binary form, then si must 
be chosen such t h a t  
= D  
Equating the coe f f i c i en t s  of 
c s .  x 
j ~ j  
X .  on both sides, tJe obtain 
3 
This equation represents a system of (n-1) l i n e a r  homo- 
geneous equations. A so lu t ion  e x i s t s  only i f  
I Dij - D 6 i j  1 = 0 (291 
Equation (29) can be &lved> f o r  D which are t h e  eigen values of the  
Di j k 
matrix,  represented by D where k has (n-1) values. 
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For a t e rnary  system, so lu t ioh  of equation (29 gives 
+, 
1 2  D211 D = (Dll + D ) - J[(Dil - D 2 2 ) 2  + 4 k 22 
2 (30) 
The two eigen values w i l l  be denoted by D and D with 
U V 
the convention t h a t  D > Dv. 
U 
The constants si can be calculated from equation 428) f o r  
the  two eigen values. Also, equation (26) is  reduced t o  
ao k = D k V  2 
'k - a t  
f o r  the  kth eigen value where 
0 = c Sik x k i  i 
For a semi- inf ini te  couple, the so lu t ions  of (32 )  are of 
the  form 
Ok = a erf {X/2 JDk> + bk k (32% 
distance from the  in t e r f ace  
where X = square roo t  d i f fus ion  t i m e  
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For boundary conditions a t  t > o  
=> x1 = x1 Q 
x2 = x2 Q
=> x1 = x p  
1 
P x2 = x2 (341 
equation ( 3 2 )  can be unfolded t o  give 
Q P  
2 
'2 -O'2 + '2) = c e r f  (X/2dDu) + d er f  (X/24Du) (35b) 
where 
P b = I ( X y  - X1)/21 -a 
P d = [(X: - X 2 ) / 2 1  -c 
2 1/2 and G = - D22) + 4 D12 D l  21 
This technique of obtaining so lu t ions  of equation (25) i s  not 
r e s t r i c t e d  t o  three  components only. I n  f a c t ,  Kirkaldy (34' has 
shown t h a t  i f  a so lu t ion  e x i s t s  f o r  a one-component system under 
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given i n i t i a l  and boundary conditions,  then the  solut ions f o r  an 
n-component system are l i n e a r  sums of individual  solut ions.  
52.4 THERMODYNAMIC RESTRICTIONS ON THE D MATRIX 
For t h e  entropy production t o  be pos i t i ve ,  it can be 
shown (34r35)  t h a t  t he  eigen values of t he  D matrix be a l l  pos i t ive  
and de f in i t e .  
Hence, from equation (301, 
D1l D22 D12 D21 and 
are t h e  r e s t r i c t i o n s  on the  D matrix. It is  worthy of note t h a t  
t he  individual  diagonal coef f ic ien ts  do not  have t o  be pos i t ive ;  
only the  sum must be pos i t ive .  
92.5 DIFFUSION PATH 
The continuous co l lec t ion  of compositions with varying 
values of y i n  a d i f fus ion  couple generates a curve on the compo- 
s i t i o n  space. This curve i s  termed the  d i f fus ion  path. 
The conventional method of displaying the composition 
space f o r  a te rnary  system is  an equ i l a t e ra l  triangile. But, s ince 
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one of t he  components i s  a dependent var iab le ,  a space spanned by 
orthogonal - p composition bas is  vectors  represents  t he  system 
equally w e l l .  
a l e b r a  t o  be d i r e c t l y  used t o  display various aspects  of d i f fus ion  
on the cornpasition space. 
1 2  
A t  t he  same t i m e ,  it allows concepts of l i nea r  
-t 
En matrix notat ion,  the  f l u x  densi ty  J can be wr i t ten  as 
-3- 
J =  E D . . ]  
17 
a s  column vectors  and [D.  , I i s  a 2 x 
symbol is  s t i l l  being used t o  denote 
t i c  equation is ,  therrefore, 
1 3  
2 matrix. Note t h a t  '0' 
sca l a r  a/ay. The character is-  
+ 
[Di j  - D I ]  O VX = 0 
where D represents  t he  eigen values and I the  i d e n t i t y  matrix,  
Since there  are two eigen values (equation 301, the t w o  correspon- 
ding eigen vectors  are given by 
With the  convention D >D the  f irst  d i r ec t ion  i s  t h e  d i r ec t ion  of 
Li V I  
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-f 
" f a s t  eigen vector" o r  u and the  second one t h a t  of t h e  "slow 
eigen vector" o r  v. 
-b 
Figure 1 shows the  locat ion of termini  composition 
P and Q f  i n  a hypothetical  couple on the orthogonalP1 - 9 
The loca t ion  of P,  f o r  example i s  such t h a t  
space, 2 
and t h i s  composition vector i s  limited by the  r e sk ra in t s  X > O r  
x2> 0 and X The d i rec t ions  
of t h e  t w o  eigen vectors  have been drawn from each point .  
1 
+ X - p f  t h e  densi ty  of t he  system. 1 2- 
The following theorems apply (35) f o r  the  case of semf- 
i n f i n i t e  un id i rec t iona l  couples: 
i. For constant D t he  d i f fus ion  path must pass 
i j  ' 
through the  midpoint R. 
ii. The path must be t o t a l l y  enclosed within the  paral-  
lelogram formed by t h e  eigen vector d i r ec t ions  from P and Q o  
iii. A t  t h e  extremit ies ,  t he  d i f fus ion  path must be 
p a r a l l e l  t o  the  fas t  eigen vector.  
i v .  Diffusion path is a s t r a i g h t  l i n e  only f f  D 
= Dv U 
or  t h e  l i n e  PQ i s  an eigen vector .  
V. A s  a consequence, the  extreme d i f fus ion  path 
between P and Q i s  PMRNQ where MN i s  p a r a l l e l  t o  t he  s l o w  eigen 
vector 
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7 ASSUMED 
P = ( 0 . 7 ,  0.1 0.2) 
Q = ( 0.1 a 0 . 4 , 0 . 5 )  
A ** 
FAST 
DIRECTION 
ir 
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vi .  A t  the boundaries of the composition space, the 
e igenvec tors  must r o t a t e  and, hence, ED..] cannot s tay concen- 
tEation-independent a t  the boundaries. 
13 
52-6 UPHILL DIFFUSION 
men a species moves "up" its own concentration gradient, 
the r e su l t an t  concentration d is t r ibu t ion  of t he  species displays 
extremum points (maxima and minima). This phenomqnon is termed 
''uphill diffusion", 
the occurrence of uph i l l  d i f fus ion  is 
A mathematical statement which precisely defines 
In  multicomponent systems, the occurrence of uphi l l  diffusion is  not 
uncommon and i s  w e l l  recognized (24 26)  
The presence of the extremum points i n  concentration dis- 
t r ibu t ions  can be neat ly  displayed with the help of the  orthogonal 
Q, - p space. 
2 
Figures 2 and 3 show t ha t  whenever the  diffusion path gces 
out of the shaded rectangles (formed by equi-concentration l i nes  
drawn from the  mean composition point M and one of the termini),  the 
concentration d i s t r ibu t ion  displays uphi l l  diffusion. 
Accordingly, two types of concentration "h i l l s"  occur. One 
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n 
P = (0.4,0.4,0.2) 
Q = ( 0.2,0.2 ,0.7) 
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type occurs a t  t h e  extremit ies  (as i n  Figure 2) and the other i n  
t h e  v i c i n i t y  of A = o region (as i n  Figure 3 ) .  It i s  obvious t h a t  
i n  a ternary system, given a set of eigen vec tors ,  it is always 
possible  t o  f ind  a d i f fus ion  couple which w i l l  have extremum poin ts  
of one type or t h e  other  i n  only one, two or a l l  three d i s t r ibu t ions  
of i t s  cons t i tu t ing  species with the condition t h a t  a l l  extremum 
poin ts  do not occur a t  t h e  same pos i t i on  on the  X scale, 
52.7 DEPENDENCE OF D I F F U S I O N  COEFFICIENT UPON 
CONCENTRATION GRADIENT AND TIME 
Fick 's  Law, as stated by equation (1) f o r  a s ing le  species ,  
or the  Onsager's extension (equation (39) f o r  multicomponent systems 
are e s s e n t i a l l y  l i n e a r  l a w s .  The concentration d i s t r i b u t i o n  of a 
species after d i f fus ion  can be expressed by an equation of t he  form 
i .e. ,  when concentration p r o f i l e s  corresponding t o  various d i f fus ion  
times are p lo t t ed  on y /h ( t )  scale, they a l l  merge. The inapplica- 
b i l i ky  of equation (41) implies "non-Fickean" d i f fus ion ,  
Dependence of d i f fus ion  coe f f i c i en t  upon concentration 
gradient  can be expressed by a non-linear equation f o r  f lux  such a s  
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Such an equation w i l l  not follow equation (41) and, therefore ,  
gives rise t o  non-Fickean diffusion.  
It is  poss ib le  t o  show (36) t h a t  when the  d i f fus ion  
coe f f i c i en t s  have d i f f e r e n t  t i m e  dependence, then a l i nea r  equation 
involving higher degree terms i n  VX such as i' 
w i l l  a l s o  display non-Fickean d i f fus ion .  
When equation (41) is  obeyed and t h a t  h(t) = Jt, the  
a f f u s i o n  coe f f i c i en t  is  independent of both concentration gradient  
and t i m e .  This condition ishet by a d i f fus ion  coe f f i c i en t  which 
is  e i t h e r  a constant o r  a funct ion of concentration alone, 
52,8 THE EFFECTIVE BINARY D I F F U S I O N  COEFFICIENT 
The e f f ec t ive  binary d i f fus ion  coe f f i c i en t  of a species 
(15) i i n  a multicomponent system i s  defined as 
i M  "i 
-J = D 
i 
This d e f i n i t i o n  describes the d i f fus ion  as a binary exchange of 
species  i with a l l  other  species p u t  together as species  M. 
Comparison of equation (44) with equation (3% y ie lds  
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For a Fickean d i f fus ion  process,  
i M  ' Hence, w e  not ice  t h a t  i f  D a r e  Fickean coef f ic ien ts  then D ij 
although concentration dependent, i s  a l s o  Fickean, A more $roper 
statement concerning the  concentration dependence of D 
it i s  dependent upon a x . / a X i  which is the  "direct ion" of d i f fus ion  
on the  composition space., 
approach has been given by Cooper 
is t h a t  rn 
3 
An extensive treatment of the  EBDC 
(I7) and Cooper and Varshneya 616) 
12.9 PREDICTIONS OF THE ATOMIC MOBILITY MODEL 
In  t h i s  sec t ion ,  w e  make use of the  f a c t  t h a t  the s e l f -  
d i f fus ion  coef f ic ien ts  of cat ions i n  the K 0-SrO-Si0 
the  temperature range of 550V t o  800'C a r e  known 
system over 
2 2 
(38% 
To summarize 
D = 36.5 exp (-40:800/RT) 
K 
DSr= O Q 1 7  exp .(-42700/R~) 
D a t  750'C 
D S i  Sr and 
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Although no data on the self-diffusion coefficient of oxygen in 
this glass is available, we assume that 
The'assumption is based upon the premise that alkalis are the 
sole charge carriers for electrical conductivity through a glass 
of an alkali-alkaline earth-silica system (39'40'e 
of oxygen in other systems also substantiates the validity of this 
assumption. 
Equation (20) can be rewritten as 
Data of mobility 
DB ZB - D D 1 0 0 'B 'BO 
In* 'D Z - D Z @A0 'A 'A0 A A ,O 0 )  ('A *A0 I d .  
= -  
A A 0  
B B 0 ,  0 'B 'BO 
0 0 )  "A 'A0 
(DA ZA - Do Zo 
D Z - D  Z 
- D  Z 1 -  1 c1- I, = -  z x  A 2  
A A0 
z x  D Z - D  Z 
911  c c  0 0  c co 'Dn ZA - Do Zo) 'ZA XAo 
(491 
where A, B, C and 0 stand for potassium, strontium, silicon and 
oxygen, respectively. Hence, for DAA from (221, we get 
D . Z .  - D  Z Z . X  
O 0 )  (jq\] 
(D Z - D  Z z x  = D f n  [ C  Dm A I'B,C 0 0 A A 0  
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If the system w e r e  thermodynamically ideal , then f 1 
IImmer, i f  s l i g h t  non-ideali ty i n  our system exists, then E* 
f '  < < a .  when i # j. It is evident t h a t  the main contr ibut ion 
to BAA comes from the first expression on the right hand s i d e  of 
equation ( 5 0 ) .  
= 6ij. ij 
= 1, ii 
i j  
k 
A l s o ,  s i n c e  DA ZA >> D 12 I 0 0  
D 2 . - D  Z z . x  
( ,j ' O O) (-1 
zA 'A 'A0 
The r e s u l t  is i n t e r e s t i n g  i n  the sense that the d i r e c t  coe f f i c i en t  
of potassium has l i t t l e  to do w i t h  the self-diffusion co@ff ic ien t  of 
potassium. 
A l s o ,  if potassium were the only moving species i n  the 
syst-, the direct  c o e f f i c i e n t  of potassium would be zero. 
physical ly  meaningful and understandable. Movement of potassium ion 
alone would cause a space charge build-up which would soon br ing the 
d i f fus ion  of potassium ion to a stop. 
T h i s  is 
L e t  u s  consider the d i r e c t  coe f f i c i en t  of strontium. 
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and so 
D 2 - D  2 
- D  Z X Z .  D . f I ,  1 10 I I 1B c 
B B  0 0  
A 'A 0 0 j"A,B,C 
Z D  f '  - 
D~~ B BB 
( z A  xAo 
If the  expression within the  brackets were small pos i t i ve ,  then w e  
conclude t h a t  
However, t he  ac tua l  magnitude and t h e  s ign of t he  expression within 
the  brackets cannot be estimated owing t o  the  lack of knowledge about 
and'D A s  such, a negative value of D i s  not excluded as a 
It is  in t e re s t ing  t o  note t h a t  such a p o s s i b i l i t y  is 
fiB 0' BB 
poss ib i l i t y .  
a l so  not excluded by the  thermodynamic r e s t r i c t i o n s  on the [D ]I matrix 
s t a t ed  i n  sec t ion  2,4, 
i j  
The cross coe f f i c i en t ,  DAB, is given by 
A B O  
Again, a g r e a t  dea l  depends upon the  coe f f i c i en t s  D and f '  
0 
For D w e  have, 
BA 
- D  Z 
) 
BO DB 'B 0 0 X 
(-9 ( ' y -  
'A0 zA 
D~~ 
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Comparing with equation (51) w e  g e t  
This r e s u l t  i s  a l s o  understandable i n  terms of i n t u i t i v e  reasoning: 
s ince strontium is  r e l a t i v e l y  less mobile species  compared t o  potas- 
sium, i ts  f l u x  i s  caused pr imari ly  t o  prevent pressure and charge 
build-up r e su l t i ng  from the motion of potassium. 
Some remarks can be made here about an apparent ac t iva t ion  
energy of the  in te rd i f fus ion  coef f ic ien ts .  In  general ,  the  d i f f e r -  
e n t  contr ibut ions of the  individual  se l f -d i f fus ion  coef f ic ien ts  w i l l  
not give rise t o  an Arrhenius' r a t e  type dependence, i a e o ,  an 
equation of the  s o r t  
for  t he  temperature dependence of D 
i j '  
However, it i s  evident t h a t  i f  one of the  se l f -d i f fus ion  
coef f ic ien ts  dominates i n  the  magnitude of Di j ,  then the  tempera- 
t u r e  dependence of D is  the  temperature dependence of t h a t  p a r t i -  i j  
cu lar  se l f -d i f fus ion  coef f ic ien t .  As such, i f  we consider D from AA 
equation (51) ,  w e  conclude t h a t  the  apparent ac t iva t ion  energy of 
D 
strontium, i.e.,  nearly 43 K cal/mol. 
should be nearly t h a t  of DB, the  self-diffusion coe f f i c i en t  of AA 
An important corrolary of these  ca lcu la t ions  i s  t h a t ,  i n  
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an ionic  system, i n  s p i t e  of l a rge  d i f fe rences  between the  magnitudes 
of self-diffusion coe f f i c i en t s ,  t he  interdiffus2on coef f ic ien ts  tend 
t o  c l u s t e r  around each other.  Thus, i f  OX. is  the  primary gradient  
i n  t he  system, it is  evident t h a t  t h e  e f f ec t ive  binary d i f fus ion  
1 
coe f f i c i en t ,  DiM, approaches the  direct  coe f f i c i en t ,  Diio 
This i s  the  case of an inhomogeneity decaying i n t o  a 
matrix. The primary gradient  of i i s  compensated by accumulation of 
small magnitudes of VX The decay of inhomogeneity of i is, although 
only approximately, ye t  adequately described by the  s ing le  coe f f i c i en t ,  
j 
D Conversely, with no p r i o r  knowledge of t he  in t e rd i f fus ion  coeff i -  
c i en t s  matrix, measurement of D along the  d i r ec t ion  shown i n  Figure 
iM * 
AM 
4 has t h e  best chances of being meaningful i n  descr ibing the decay of 
inhomogeneity of B i n  the  system A-B-C. 
52 .10  LITERATURE SURVEY FOR MULTICOMPONENT 
D I F F U S I O N  EXPERIMENTS 
The system K 2 0 - S r O - S i 0  can be regarded as  a supercooled 2 
l i qu id  over t he  temperature range covered i n  t h i s  research. The 
d i f fus ion  experiments, however, were car r ied  o u t  i n  a manner so as 
t o  reduce the  e f f e c t s  of grav i ty ,  viscous flow and surface tension- 
e s sen t i a l ly  t r e a t i n g  the  system as a so l id .  For t h i s  reason, no 
ser ious  attempt has been made t o  review l i t e r a t u r e  on d i f fus ion  i n  
l iqu ids .  Readers are re fer red  t o  Tyr re l l  ‘41) which i s  a good 
s t a r t i n g  point.  
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Several s tud ies  of sol id  state diffusion i n  multicom- 
ponents systems are available i n  literature. 
l y t i c a l  treatment as a multicomponent system is rare. 
cases, a quasi-binary treatment of the system has been made. 
(20a) summary of such s tudies  has been given by Guy and Smith 
However, t he i r  ana- 
In  most 
A 
Of the  metallic systems studied, one of the earliest 
(24) is Darken's experiment for diffusion i n  Fe-C-Si system . In  
this experiment, t he  concentration d is t r ibu t ion  of carbon clear ly  
# . .  
d-nstrated the phenomenon of uphi l l  diffusion. The data w a s  
later analyzed by Kirkaldy (42),  Kirkaldy and Brown (43) t o  show 
that t h e  four in te rd i f fus ion  coeff ic ients  obtained w e r e  i n  
agreement with the requirements summarized by Kirkaldy, Z ia -UI -  
Haqand Brown (44) 
Chandokt Hir th  and Dulis(45) carried out similar 
measurements i n  the Fe-C-Co and Fee-Co-W systems but did not 
analyze the  data f o r  cross coefficients.  
* Studies of d i f fus ion  path i n  ternary, multiphase 
systems have been carried o u t  by C l a r k  and Rhines(46) fo r  A1-Mg- 
Zn, by Kirkaldy and Fedak (47) f o r  Fe-Ni-Cr and Cu-Zn-Sn and by 
Castleman and Siegle (48) for CbZn-Ni. 
The assumption that there  is  a negative interaction 
between the i n t e r s t i t i a l  and the subst i tut ional  components of an 
al loy leads t o  t h e  r e l a t i o n  D12/D:1 = kn 3 where 3 stands f o r  the 1' 
solvent matrix, 1 fo r  the i n t e r s t i t i a l  component and n is the atom 1 
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f r a c t i o n  of t he  i n t e r s t i t i a l  component and k is  a constant. 
r e l a t i o n  has been ve r i f i ed  i n  the  ternary a u s t i n i t e  a l loys  Fe-C-Si, 
Fe-C- Mn, Fe-C-Cr, Fe-C-Ni and Fe-C-Co by Kirkaldy and h i s  school 
("' 50 51) . 
coef f ic ien ts  matrix w a s  made i n  any of these systems. An attempt 
i n  t h i s  d i r ec t ion  w a s  made by them f o r  two subs t i t u t iona l  systems 
Cu-Al-Mn and Cu-Al-Zu, with the assumption t h a t  one of the  c ross  
coef f ic ien ts  is  zero. 
This 
No e x p l i c i t  determination of t h e  in te rd i f fus ion  
A complete ca lcu la t ion  of i n t e rd i f fus ion  coef f ic ien ts  
matrix has been carried ou t  f o r  a few a l loy  systems: 
Guy and h i s  co-workers (52 53 54) , Cu-Zn-Mn and Cu-Zn-Sn by 
Dayananda and h i s  co-workers (55 56 ' 57) , Co-Ni-Fe by Sabat ier  and 
Vignes (58 r59) , Cu-Ag-Au by Z i e b o l d  and Ogilvie (35) , Fe-Cr-C and 
Fe-Ni-C by Kornev and Shaidurov 
Ni-Co-Cr by 
(60) . 
For the  Cu-Ag-Au system, in, p a r t i c u l a r ,  t he  in te rd i f fu-  
s ion  coef f ic ien ts  matrix w a s  found t o  obey thermodynamic require-  
ments stated i n  sec t ion  2.4. A ca lcu la t ion  of the phenomenological 
coef f ic ien ts  matrix i n  t h i s  case supported Onsager's rec iproca l  
r e l a t ions .  
A good review of l i t e r a t u r e  i n  multicomponent systems has 
(61) been given by KirkaEdy . 
Borom and h i s  co-workers (62) have stud-ied d i f fus ion  i n  
the FexO-Na20-Si0 system, but  they have treated t h e i r  r e s u l k s  as 2 
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i f  d i f fus ion  proceeded i n  a constant S i02  matrix, 
(63) analyzed their in t e rd i f fus ion  data i n  N a  0- Sucov and Gorman 
CaO-Si02  system as i f  t he  system were quasi-binary. 
Similar ly ,  
2 
The presence of an S-shaped d i f fus ion  path and the  
occurrence of c r i t i ca l  poin ts  i n  a three-component ceramic system 
were, perhaps, f i r s t  shown i n  an earlier publ icat ion by t h e  present  
author 
analyzed i n  terms of an e f f ec t ive  binary d i f fus ion  coe f f i c i en t  
approach. Whereas the  concentration d i s t r i b u t i o n s  of K 0 and SrO 
could be described by an e f f ec t ive  binary d i f fus ion  coe f f i c i en t  
for each; it w a s  s t a t e d  tha t  these e f f ec t ive  binary d i f fus ion  
coef f ic ien ts  would be very sens i t i ve  t o  "direct ion" of the d i f fu-  
s ion pa th  on t h e  te rnary  composition space. 
on K 0-SrO-Si0 g l a s s  system. The data, however, w a s  (16) 2 2 
2 
CHAPTER 3 
DECONVOLUTION OF EXPERIMENTAL DATA 
"To err is human; to  r e a l l y  fou l  things up requires a computer." 
-- B i l l  Vaughan i n  Kansas City Star 
Typically,  t h e  experiments cons i s t  of mefasuring t h e  
chemical d i s t r i b u t i o n  of one or more species  across a d i f fus ion  
zone a f t e r  a known d i f f u s i o n  anneal. For s o l i d  s t a t e  d i f fus ion  
experiments, a commonly used instrument t o  measure the  chemical 
Concentration of an element is  t h e  e lec t ron  microprobe analyzer. 
A plot of X-ray counts vs. dis tance  is  obtained. Conversion from 
counks to  chemical concentration, X, is of ten  achieved w i t h  t he  
help of ca l ib ra t ing  s tandards (as has been done i n  this work) or 
l e a s  f r e q e n t l y  by t h e o r e t i c a l  means . (64) 
The pos i t i on  y = 0 ,  i .e.,  the  o r ig ina l  in te r face  is  
located by 
(3.1 marks or o r i g i n a l  i n t e r f a c i a l  defects  where 
no s i g n i f i c a n t  movement of markers ( 6 5 )  during 
d i f fus ion  i s  expected, 
- o r  f o r  un id i rec t iona l  semi- inf ini te  couple by 
(66) (ii) the use of Matano dnalysis  
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(iii) locat ing t h e  pos i t i on  corresponding t o  concentra- 
t i o n  change = 0.5 where the  d i f fus ion  coe f f i c i en t s  
do not depend upon concentration. 
All the  experiments car r ied  out  i n  t h i s  research involved 
d i f fus ion  couples prepared from a narrow range of compositions. 
matrix was assumed to be e s sen t i a l ly  constant i n  a 
Thus' the D i j  
s ing le  couple and t h e  o r ig ina l  i n t e r f ace  w a s  located pr imari ly  by 
(iii) .
The unfolding of the  experimental da t a  t o  reveal  t h e  [Dij l  
matrix can be done by two methods: 
(67 1 (i) Graphical technique suggested by Lindemer and Guy 
(ii) F i t t i n g  the da t a  t o  F u j i t a  and Gosting's so lu t ion  
[equation 351 e 
93.1 THE G W H I C A L  TECHNIQUE 
For a te rnary  system, subs t i t u t ion  o f h = y / J t t o  equation 
(24) when d i f fus ion  i s  confined to one d i r ec t ion  only,  y ie lds  
Analogous t o  Bol tmann's  technique (66) f o r  d i f fus ion  of s ing le  
species ,  the  f i r s t  i n t eg ra t ion  of t h e  above equation gives 
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The second in t eg ra t ion  of t h i s  equation over X yie lds  
where t h e  l i m i t s  a re  so chosen t h a t  a t  
X = hL , x j  = ( X j I L  
and a t  A = Xk , x j  = ( X j I k  
The re -subs t i tu t ion  of y / i t  f o r  X gives 
The l e f t  hand s ide  of equation (61) represents  a "double in t e -  
gra t ion  area" which i s  area under a p l o t  of Matano area vs. 
d i s tance  .and can be computed graphical ly .  
The r i g h t  hand s i d e  i s  fu r the r  s implif ied i f  the  
d i f fus ion  coe f f i c i en t s  are assumed constant,  f o r  then 
X 2 
(629 
- ( 1 / 2 t ) Y k  J ydXidy = C [(XjIk - (X 
I D i j  j =1 j L  
YL ( X i ) ,  
For a d i f fus ion  couple belonging t o  a te rnary  system, both 
i , j  = 1 , 2  and, therefore  one obtains  two equations of the type 
(62) with 4 unknown D e i j  
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It is  obvious t h a t  a complete so lu t ion  of t h e  ID..] 
17 
requires  one more set  of simultaneous equations. 
can be accomplished by choosing d i f f e r e n t  sets of y 
equation (62) ,  a more e f f ec t ive  technique is  t o  choose a second 
d i f fus ion  couple whose d i f fus ion  path i n t e r s e c t s  t he  first one. 
A t  the poin t  of i n t e r sec t ion ,  t he  values of [D..] f o r  the  second 
couple are i d e n t i c a l  t o  the  first one - i f  Onsager's descr ip t ion  
of multicomponent d i f fus ion  i n  the form of equation (3)  i s  
correct .  
Whereas t h i s  
and y i n  
k L 
17 
53.2 THE ANALYTICAL APPROACH 
A computer f i t  of equation (35a) t o  experimental data 
can be conveniently achieved by s t a t i s t i c a l  techniques such as 
chi-square. 
L e t  X = f ( Y )  be a continuous function. If  y, i s  an Rth 
measurement of Y and is  assumed er ror - f ree ,  then chi-square x2  is  
defined as 
2 where xR is  t h e  measurement of X a t  8 ,  o R  is the  variance of xi, 
and n the t o t a l  number of observations. 
The c h i  f i t  involves minimizing x2 w i t h  respect  t o  a l l  
the  unknown parameters. 
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2 A convenient method t o  carry out  minimization of x 
t o  obtain the bes t  estimates of the  parameters and t h e i r  standard 
deviat ions is  the  l i nea r i za t ion  technique described by various 
Equation (35a) i s  
- 
X1 - Xl = AX1 = a e r f  (A/24D 1 + b erf (X/24Dv) 
U 
- x1 = (X1 P Q  + X1)/2 where 
P and b = ( ( X F  - X1)/2) - a 
Taylor expansion of X i s  1 
where 
F = a e r f  (X/2i/Du) i- b e r f  (A/24Dv) 
and 
(AXlIo = (FID ; (D.  , )  being estimates of 
i j  = (DijIo 13 0 
D 
Neglecting higher order temns anfl defining AX 
i j ’  
- (AXlI0 = AX;, 1 
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2 
w e  g e t  f o r  x 
(65) 2 aF:R )o A D . . ]  x = C - - C ,  (- 2 1 R isR 2 i f]  aADi 13 
aFe Denoting (- = F i j n  and f o r  minimum x2 with respect  t o  aADij)o 
each ADij,  w e  g e t  
where r and AD are wri t ten  as column vectors  of 4 components each, 
and [a] is  a 4 x 4 matrix. 
The general  t e r m s  aresgiven by 
k and m = i j  
Above equations represent  a set of non-homogeneous equations i n  
ADij. kra1uation;of AD can be conveniently achieved by using i j  
C r a m e r ' s  r u l e  or Gauss' el imination method. 
These AD are then applied as  correct ions t o  the  i j  
o r ig ina l  estimates. The machine could then be made t o  i terate 
u n t i l  t h e  minimum of x2 is  found. 
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(70) The variances on Di j  can be-shown t o  be given by 
2 -1 
0 = [a I i j  
Di j 
(67) 
where [a-'] i s  the  inverse matrix of a .  
The ct matrix i s  d i r e c t l y  included i n  t h e  se t  of non- 
homogeneous equations and, hence, presents  no need f o r  fur ther  
calculat ions.  
It  is  important t o  note t h a t  the  equation I' =[alAD cannot 
be solved with the  help of da ta  from d i s t r i b u t i o n  of a s ing le  
species only. This is because the  d i s t r i b u t i o n  of a pa r t i cu la r  
species i s  described completely by three  parameters, namely, a ,  
D and Dv. 
obtain a pa r t i cu la r  se t  of a,  D 
the  [a] t o  become singular .  The s ingu la r i ty  disappears only when 
Not a l l  four parameters [DijI  need be independent t o  
This dependence causes 
U 
and Dv. 
U 
- 
a second d i s t r i b u t i o n  of the  form X - X 
d e r f  (A/24Dv) is  used. 
= c e r f  (A/24DU) + 2 2 
I t  i s  possible  t h a t  an absolute minimum i n  x2 does not 
e x i s t  f o r  a l l  t he  data from a s ing le  couple. For example, i f  t he  
d i f fus ion  d i r ec t ion  is t he  "u" d i r ec t ion ,  then s ince D no longer 
takes any part i n  d i f fus ion ,  a complete ca lcu la t ion  of a l l  t h e  
four  D ' s  is not possible.  It is  advisable,  therefore ,  t o  mini- 
mize x2  simultaneously f o r  as many d i r ec t ions  as possible .  
V 
i j  
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Whereas t h e  l i nea r i aa t ion  technique is  a rapid method 
t o  converge towards the  extremum points  of t he  X2 surface, a 
sa t i s f ac to ry  outcome is  based on the  premise t h a t  t h e  curvature 
2 
of the x surface,  a t  the  s t a r t i n g  poin ts ,  i .e. a t  t h e  estimates 
(Di j lo ,  i s  pos i t ive .  Whenever the  curvature becomes -ve, t h e  
l i nea r i za t ion  r e s u l t s  i n  convergence towards a maximum ra the r  than 
a minimum. 
l oca l  minima might e x i s t  f o r  t h e  data(71).  
It is  a l s o  p o s s i b l e - t h a t  some physical ly  in s ign i f i can t  
The s t a r t i n g  estimates 
(Di j )o ,  therefore ,  must be so chosen t h a t  t h e  l i nea r i za t ion  pro- 
cedure ike ra t e s  t o  converge towards the physical ly  meaningful 
absolute minimum.  I n  t h i s  research, the convergence towards the  
m i n i m u m  has been 
by the graphical  
technique itself 
t w o  i n t e r sec t ive  
best assured by using the  set of [D..]  calculate-  
technique as the s t a r t i n g  point .  
was applied t o  da t a  of d i f fus ion  couples along 
direct ions.  A simultaneous c h i - f i t  t o  a l l  four 
1 3  
The graphical  
concentration d i s t r ibu t ions  from these couples a l s o  assured t h e  
loca t ion  of an absolute m i n i m u m  of x 2 surface.  
53.3  THE WEIGHTING SCHEME 
Calculation of x2 from equation (63) or (65) requi res  an 
2 
R e s t h a t i o n  of ( l /a  ) which is  t h e  weight associated with the  Rth 
da ta  point .  I f  w e  ignore the  mathematical funct ion which describes 
t h e  da t a ,  then t h e  weight f a c t o r s  a re  the  rec iproca ls  of the  
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variance of each data point .  This variance f o r  an e lec t ron  micro- 
probe measurement of intensi$y comprises of (i) t he  Poisson var ia-  
t i o n  of the i n t e n s i t y  and (ii) the  random instrument noise leve l .  
Whereas a measurement of t h e  variance could be made by 
taking a la rge  number of consecutive i n t e n s i t y  measurements, W R i ,  
a t  a given R, i .e . ,  a t  a given spot ,  such a technique i s  not 
applicable f o r  g lasses  due t o  ion ic  migration (72) . 
Measurement of variance,  i n  t h i s  research,  has been made 
by taking a number of readings, Woi, a t  various pos i t ions  on a 
homogeneous area of t h e  g lass ,  e.g., the ends of a d i f fus ion  couple. 
The variance,  a2 of t h i s  da ta  includes some scatter due t o  loca l  
concentration inhomogeneities, b u t  they were estimated t o  be neg- 
l i g i b l e .  
0' 
To take account of t he  varying values of cr2 w i t h  1, it 
R 
was assumed tha t  the  coe f f i c i en t  of va r i a t ion ,  aa/WR, remains 
constant with R. 
(l /aR) a t  each value of W 
This provided a scheme f o r  t he  ca lcu la t ion  of 
2 2 fo r  t h e  computation of x 
53.4 TESTING GOODNESS OF F IT  
2 
I f  t he  value of x2 ( = t o t a l  x /degrees of freedom) com- 
V 
puted is  less than 1.5 then it can be s t a t ed  t h a t  the attempted 
mathematical funct ion reasonably descr ibes  the  observed data  (73 1 
T h i s  i s  important s ince the  c r i t e r i o n  provides an easy 
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means to verify Onsager's hypothesis- (equation 3)  in our system, 
For Onsager's hypothesis to be true, the values of Dij 
Calculated from two couples should adequately describe diffusion 
along other directions of the composition space, i.e., x should 
be less than 1.5 along all directions. 
2 
CHAPTER 4 
EXPERIMENTAL PROCEDURE 
“Things you wanted t o  do tomorrow, do today; and today’s -- 
do them now! ” 
-- Mahatma Kabir 
Seven g lasses  i n  the  K 0-SrO-Si0 system were chosen 
such t h a t  t h e i r  chemical composition l a y  within a f e w  w t .  % f o r  
2 2 
each . species a 
(i) 
(ii) 
This was intended f o r  the  following reasons: 
Dependence of the  phenomenological‘diffusion 
coef f ic ien t  upon concentration would be mini- 
mized $ 
Any deviat ion from the  l i nea r  dependence of 
the  e lec t ron  microprobe X-ray counts on con- 
cent ra t ion  of an element could be ignored. 
The chemical composition of these g lasses  as calculated 
from batch and by w e t  chemical analysis  are l i s t ed  i n  Table 1, 
Appendix 1 b r i e f s  with the  procedure followed f o r  w e t  chemical 
analyses 
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CHEMICAL COMPOSITION OF GLASSES (wt.%) 
S r0 S io2 Total K2° Glass 
11 
K 
I 
22.8 15.6 61.3 99.7 
19.8 20.0 60.5 100.3 
21.6 18.4 60.0 100.0 
J 21.35 15-9 62.6 99.85 
G - 20.1 17.0 63.1 100.2 
F 23.0 18.4 58.5 99.9 
L 18.15 18.0 64 -1  100.25 
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§4,1 GLASS MELTING 
Batch corresponding t o  400 g. of glass w a s  prepared 
from analy t ica l  grade reagents. 
melted i n  a 500 cc capacity ~ t - 2 0 %  €31 crucible ins ide  a globar 
e l e c t r i c  res i s tance  heating furnace a t  15OO0C. 
completed, g lass  w a s  stirred three t i m e s  over a period of an hour, 
with a platinum f inger ,  after which it w a s  l e f t  for 6 - 8 hours a t  
140OOC. The crucible  w a s  then taken out  and cooled slowly ins ide  
a muffle furnace i n i t i a l l y  standing a t  55OCC. 
It w a s  thoroughly mixed and 
When melting w a s  
The block of g lass  taken out  of the  c ruc ib le  a f t e r  
cooling was f r e e  of bubbles and no cords were v i s i b l e  when it w a s  
viewed perpendicular t o  the d i r ec t ion  of an intense l i g h t  beam. 
A l l  blocks were reannealed by heating them to 550°C, 
holding the temperature fo r  one hour arid then cooling down to  
room temperat:ur e very slowly. 
94, 2 SAMPLE P E P A R A ' I I O N  
Cyiinders \.approximately 1 / 2  i n ,  i n  diameter9 of each of 
the glasses  were core-dril led from the  blocks, 
ground f l a t  perpendicular t o  its axis  t o  obtain a d isk  about 1 / 2  
in thick,  
dlamorid, a d i f fus ion  couple w a s  made by placing the faces  of t w o  
d i s s b l l a r  g l a s s  d i sks  i n  contact-  
Each cylinder was 
After the f l a t  faces  of these d isks  were polished, using 
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84-3 ASSEMBLY FOR DIFFUSION 
Figure 5 shows the  d i f f e r e n t  p a r t s  cons t i tu t ing  t h e  
d i f fus ion  assembly. 
The couples a r e  surrounded by nickel  f o i l  and c lose  f i t t i n g  
halves of steel blocks, Together with t h e  couples, t h e  steel 
blocks rest on a graphi te  p l a t e  which, i n  tu rn ,  rests on a steel  
table, An 1/8" th i ck  steel plate serves  as a covering l i d .  The 
remainder of t he  cavi ty  within the  steel block above the  d i f fu-  
s ion  couple is  occupied by a f i t t i n g  piece of graphi te  rod t o  
prevent curvature of t h e  top surface of g l a s s  specimen during 
d i f fus ion  anneal. 
vented from oxidation by covering them with a steel f o i l .  
housing i s  fastened securely t o  t h e  steel t a b l e  with the  help 
of nichrome wires. 
Each assembly holds two d i f fus ion  couples. 
The exposed p a r t s  of graphi te  p l a t e  a r e  pre- 
The 
A Pt-Rh thermocouple i s  inser ted  through a hole i n  t he  
middle of the  cover plate t o  measure the  temperature i n  the proxi- 
mity Of the d i f fus ion  in te r faces  of both the couples, 
54.4 THE DIFFUSION ANNEAL 
The d i f fus ion  assembly w a s  inser ted  in s ide  a furnace 
which w a s  already holding a desired temperature. A f t e r  t he  
d i f fus ion  anneal had been car r ied  ou t  f o r  a specif ied period, t h e  
assembly w a s  pulled o u t  and air-cooled, 
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After cooling, the  samples were examined f o r  any 
imperfect sea l ing  o r  v i s i b l e  foreign inclusions on the  d i f fus ion  
in te r face .  After  passing this s tage ,  t he  samples w e r e  reannealed 
a t  55OOC f o r  15 minutes. 
94.5 SAMPLES FOR MICROPROBE ANALYSIS 
The d i f fus ion  couples were cu t  so as t o  expose a surface 
p a r a l l e l  t o  t he  d i f fus ion  d i rec t ion .  They were mounted i n  a 1" 
diameter "quick mount" cold mounting media with the  f l a t  surfaces  
exposed. 
using 3v diamond. 
Each mount was ground with S I C  w e t  abrasive and polished 
Microhardness indentat ions w e r e  placed on the  d i f fus ion  
in t e r f ace  t o  aid easy loca t ion  of d i f fus ion  zone i n  t h e  microprobe. 
The samples were then shadowed with about 300 A th ick  A 1  film. 
0 
24,6 MICROPROBE ANALYSIS 
An "MAC 400" m o d e l  microprobe w a s  used t o  perform t h e  
microanalyses. It was equipped with two spectrometers so t h a t  a 
simultaneous ana lys i s  of two elements could be carried out. An 
automatic r e l a y  system connected the  ou tpu t  of the  X-ray counting 
system t o  a typewri ter ,  an automatic specimen s tepper- t ranslator  
and a d i g i t a l  specimen current  meter. 
Thus, a counting cycle  consisted o f :  count X-ray out- 
put  from the  two spectrometers f o r  a p r e s e t  t i m e ,  while the  
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e lec t ron  beam stayed a t  a par t icular  pos i t ion  on the  specimen, 
type out  t he  two X-ray counts and the  specimen current  a t  t he  
end of counting per iod,  advance t h e  specimen by a preset dis tance 
and repeat the  cycle.  
For a l l  t he  analyses on K20-Sr0-Si02 g l a s s ,  the  e lec t ron  
beam impinged upon the  surface of t he  specimen i n  the  form of a 
s t a t iona ry  l i n e  probe approximately 1 0 0 ~  long x 2~ wide. This 
m o d e  of ana lys i s  minimized losses i n  X-ray i n t e n s i t y  during t h e  
(72) course of analysis  due t o  ion ic  migration e 
A l l  analyses u t i l i z e d  a 20 Kv gun vol tage,  0.03 P a  
specimen cur ren t ,  a counting time of 100 seconds and a specimen 
stepping d is tance  of 51.1 o r  101.1. 
The specimen was or iented such t h a t  t h e  d i f fus ion  i n t e r -  
face ( ident i f ied  by the  microhardness indentat ions)  w a s  p a r a l l e l  
t o  the  l i n e  probe. Analyses were car r ied  ou t  i n  the  manner des- 
cribed above u n t i l  t h e  specimen t raversed from one end of t h e  d i f -  
fusion zone t o  the  other  under t h e  s t a t iona ry  e lec t ron  l i n e  probe. 
Care was p a r t i c u l a r l y  taken t h a t  
(i) no pos i t i on  w a s  repeatedly analyzed t o  avoid 
confusion a r i s i n g  from ionic  migration, 
there  w a s  no s i g n i f i c a n t  defocussing of t h e  
e lec t ron  beam due t o  s l i g h t  imperfections of 
t h e  s tage while t rave l ing  from one end of the  
(ii) 
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analysis  t o  the  other ,  and 
there  w a s  no s ign i f i can t  d r i f t  of the  electron 
gun and t he  e lec t ronics  during t h e  microanalysis. 
To ensure t h i s  the machine w a s  allowed t o  stand 
f o r  th ree  hours i n  a 'ready-for-analysisg mode. 
Conversion of X-ray counts t o  chemical concentration w a s  
obtained by using the  assumption of l i n e a r i t y  and the known compo- 
s i t i o n  of the end m e m b e r s .  
(iii) 
To show the v a l i d i t y  of t h e  l i n e a r i t y  assumption within 
the  s m a l l  range of chemical compositions analyzed, a composite 
sample of a l l  the  glasses  w a s  made. This composite sample con- 
s i s t e d  of Q2001.1 th ick  wafer of each g l a s s  mounted such t h a t  t he  
thickness w a s  exposed. Analysis of K,  S r  and S i  i n  each g l a s s  
w a s  car r ied  out  i n  the  standard manner on t h i s  composite. The 
r e s u l t s  are shown i n  Appendix 1. 
CHAPTER 5 
"Original i ty  is the a r t  of concealing your source" 
-- Franklin P. Jones i n  Quote 
Figure 6 shows the  loca t ion  of seven g lasses  and t h e  
invest igated "direct ions"  of d i f fus ion  on t h e  ternary composition 
space 
The method of chi-squares w a s  used t o  test bas ic  c r i t e r i a  
of Fickean d i f fus ion  i n  ion ic  systems. These c r i t e r i a  a r e  
(i) There is  no s i g n i f i c a n t  build-up of space charge 
and (ii) The in t e rd i f fus ion  coe f f i c i en t s  a r e  not a 
funct ion of concentration gradients  - 
Figure 7 shows the  d i s t r ibu t ion  of K 0, SrO and Si0 i n  2 2 
an H/L couple. 
( a f t e r  background correct ion)  was converted to  concentration of 
the  element using t h e  l i n e a r i t y  assumption (Appendix 2 ) .  The 
conversion from concentration of t h e  element t o  concentration of 
t h e  oxide w a s  accompIished on the  premise t h a t  t h e  composition of 
the  ends of t h e  d i f fus ion  zone are unaffected,  and t h e  same con- 
vers ion f ac to r  appl ies  over the  e n t i r e  d i f fus ion  zone. 
The microprobe X-ray in t ens i ty  f o r  an element 
Deviations 
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from t h e  la t ter ,  i n  p a r t i c u l a r ,  a r e  caused by nonstoichiometry. 
Confidence limits o f - p o i n t s - i n  t h e  v i c i n i t y  of  t he  in t e r -  
The standard deviat ion face  are shown by t h e  ''2 20" v e r t i c a l  bars.  
of concentration w a s  such t h a t  t h e  standard deviat ion of X-ray 
counts w a s  (Appendix 3) 
(i) 0.32% of t h e  counts f o r  K 
(ii) 1.0% f o r  Sr 
and (iii) 0.4% f o r  S i .  
Shown on the  same f igu re  is  the  point-by-point sum of 
oxides. The n u l l  hypothesis Ho: sum = loo%,  w a s  t e s t ed  using the  
method of chi-squares. The weight associated with each poin t  was 
the  rec iproca l  of added variances of each oxide. ~ ~ ( 1 )  was found 
to be 1.6 ind ica t ing  t h a t  t he  n u l l  hypothesis is t rue  a t  t h e  0.1% 
l eve l  of confidence. 
2 
Figure 8 shows a p l o t  of concentration of K 0 and S r O  2 
agains t  y/dt scale f o r  t w o  H/K couples where the  d i f fus ion  w a s  
car r ied  ou t  a t  71392 for 
(i) 5.45 hours 
and (ii) 72.0 hours 
To demonstrate t h e  merger of both couples f o r  each 
element, a chi-square t e s t  w a s  applied.  For t h i s ,  
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l2 c € l / O R  (SI1  €XSIR - XS2R 2 2 x (SI E and 
51' 
f o r  example, is  t h e  concentration of K 0 i n  couple 1 K1R 2 where X 
a t  t he  Rth pos i t ion ,  S stands f o r  strontium, crR (K) and uR ( S ) a r e  2 2 
1 and (XslR - X 
For a given pos i t ion  R on couple 1, t h e  corresponding 
1 respect ively.  K1R - 'K251. S2R the  variances of (X 
pos i t i on  on t h e  y / k  scale of couple 2 w a s  found by in te rpola t ion  
and the  variances were calculated by the  p r inc ip l e  of propagation 
of e r r o r s  (74) 
It w a s  found t h a t  
x, (K) = 1.26 2 
2 and x, (SI = 0.9 
ind ica t ing  t h a t  t he  hypothesis 
and - x  = o  XSIR S2R 
a r e  t r u e ,  i .e.  both the  K 0 and SrO p r o f i l e s  of t he  two couples 
merge on y/Jt scale. 
2 
Table 2 lists the  various experiments involving couples 
H/K and I/J t o  measure the  in t e rd i f fus ion  coef f ic ien ts .  Figures 9 
and 10 represent  t yp ica l  concentration d i s t r ibu t ions  of the  oxides 
i n  these couples. Figure 10, i n  p a r t i c u l a r ,  has been l e f t  as X-ray 
counts vs. d i s tance  from the in t e r f ace ,  y,  i n  order t o  enable a 
b e t t e r  graphical reso lu t ion  f o r  potassium, The f i r s t  se t  of co- 
e f f i c i e n t s  l i s t e d  i n  Table 2 w a s  determined by the  graphical 
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technique. 
by t h i s  method. 
In  Appendix 3 is shown a typ ica l  calculat ion of ID. .I 
1 3  
These coef f ic ien ts  were then used t o  apply a simultaneous 
ch i - f i t  t o  determine the best estimates of [ D . . ]  and the correspon- 
ding variances. 
17 
Chi- f i t t ing  w a s  car r ied  ou t  w i t h  t he  assumption 
t h a t  t he  end compositions and the pos i t ion  of the  d i f fus ion  in t e r -  
face w e r e  known. 
The  las t  column on Table 2 is  the value of x t  (chi-square 
2 over degrees of freedom) obtained i n  each case (denoted by x (2)) 
t o  show the goodness-of-fit. The dot ted l i n e s  on Figures 9 and 10 
V 
represent  the corresponding ch i - f i t  d i s t r ibu t ions .  
Figure 11 is a semilog p l o t  of D and on the  11 
ordinate  aga ins t  t he  1/T,  the rec iproca l  of absolute temperature, 
For comparison, the se l f -d i f fus ion  da ta  of K , and Sr  and S i  i n  -f- +* 44- 
t h i s  system (around t h e  same composition) is  a l s o  shown. Th i s  da ta  
has been extracted from author 's  M.S. t h e s i s  (38) 
Both D and appear t o  have an apparent ac t iva t ion  
11 
energy of 48 Keal/mol. 
Owing t o  la rge  e r r o r s  i n  I D l 2 /  and ID22] 
draw a similar plot has been made f o r  these two coef f ie ien ts .  
no attempt t o  
Table 3 lists the  experiments conducted w i t h  couples G/F 
and H/L. Typical examples of concentration d i s t r ibu t ions  i n  these 
couples are shown i n  Figures 1 2  and 13. 
- 72 - 
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TABLE 3 
DIFFUSION EXPERIMENTS WITH G / F  & H/L COUPLES 
-10 2 Note: Diffusion coefficients are in the uni ts  of 10 cm /sec. 
chi-fitting 
+ 00013 2.03 1.65 + 0.068 j2.45 + -0.13 -0.046 -0.24 -0.09 MDl G/F 7.0 727 
O*Oo8 2.01 0,34 + 0.027 70.50 + + -0.04 -0.016 -0.074 -0.02 MD2.GF 10.45 685 
0*013 3.06 0.02 + -1.50 + + +l. 20 -0.1 -0.03 -0.17 -0.042 MD3 G/F 8-00 708 
1.82 + 2.82 +0.26 32.6 TO. 09 -0.24 -0.12 -0.28 -0.1 MD4 G/F 7-41 770’ 
o*86 2.63 -6.70 + + 6.16 70.29 + -0.48 -0.24 -0.59 -0.27 MD5 G/F 7.25 793 
2.62 0.62 + -0.092 ~0.76 + + -0.033 -0.045 -0.04 -0.06 MD13 H/L 7.66 713 
0*053 2.63 +0.125 -0.021 j0.162 + -0.009 -0,012 -0.013 -0.019 + MD15 EX/L 12.33 670 
0.004 ~0.02 + 1.34 0.054 + -0.0001 + -0.005 -0.01 -3.005 -0.01 MD16 H/L 19.75 632 
Oo2’ 2.56 -3.35 + + 2.91 -0.13 + + -0.11 -0.13 -0.18 -0.16 MD17 H/L 6-30 750 
2.81 6.96 + 0.17 + -8.31 + + -0.24 -0.24 -0.35 -0.29 MD18 H/L 4.50 798 
2.06 0.19 + -0.18 -0.2 -0.26 -0.24 + 
5.47 , + 0.067 j6.53 MD19 H/L 6.50 774 
2 2 
. v  V 
Note: chi square values for G/F are termed x (3) and for H/L x (4) 
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For each experiment, values of [D.  . I  w e r e  in terpolated 
13 
from Figure 11 and Table 2. A simple goodness-of-fit tes t  per- 
formed on couple MDl(G/F)  with the  interpolated parameters yielded 
x V o f  about  3.0 f o r  each of t h e  potassium and strontium dis t r ibu-  
t i ons  a Since t h i s  value w a s  considered rather high, t he  l i nea r f -  
zat ion technique was then employed t o  obtain b e s t  f i t t i n g  ID..] 
13 
s t a r t i n g  w i t h  the  interpolated parameters f o r  each couple. The best 
f i t  values of [D. . ] ,  t h e i r  variances and t h e  corresponding x 
(denoted by x2 (3 )  and x V  ( 4 ) )  f o r  each couple are a l so  listed i n  
Table 3, 
2 
2 
1 3  v 
2 
V 
Also shown on Figures 1 2  and 13 are the  calculated d i s t r i -  
butions 
The,data of Dll and DZ1] determined f o r  G/F and H/L a r e  
p lo t ted  i n  Figure 1 4  on semilo, scale aga ins t  l / T  along with pre- 
viously obtained values ( for  H/K and I/J) i n  an attempt t o  d e t e c t  
any t rends i n  t h e  "direct ion" dependence of [D 3 i] 
Calculation of e igenva lues  and eigen vectors  w a s  also 
performed f o r  a l l  the  d i f fus ion  experiments. The efgen values a re  
listed i n  Table 4 and the  eigen vectors  together with the  d i f fus ion  
paths  corresponding t o  Figures 9,10,12 and 13 are shown i n  Figures 
15 through 18 on the  orthogonal P, - ?, space. 
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TABLE 4 
EIGENVALUES OF ID,,] 
2 Note: a l l  values are i n  an /sec. 
Couple N a m e  Temp 
C Du 
MD 8 H/K & I/J 654 0.147 0.025 
MD 9 H/R & I/J 704 0.088 0.067 
MD 10 H/K & I/J 737 2.518 0.048 
MD 12 H/K & I/J 760 4.43 0 057 
MD 20 H/K I/J 806 9.05 0.20 
MD 1 G / F  
MD 2 G/F 
MD 3 G/F 
MD 4 G/F  
ND 5 G F  
MD 13 H/L 
MI) 15 H/L 
MD 17 H/L 
MD 18 H/L 
MD 16 H/L 
MD 90 H/L 
727 
685 
708 
770 
793 
713 
670 
632 
750 
798 
774 
1.540 
0.291 
1.174 
2,567 
6.503 
0.735 
0.158 
0.053 
3.068 
6.748 
5.386 
0.123 
0.056 
0.038 
0.163 
0.512 
0.021 
0.020 
0.001 
0.130 
0.298 
0.273 
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CHAPTER 6 
DISCUSSION 
"Iron r u s t s  from disuse,  s tagnantwater  loses  i t s  pur i ty ,  and i n  
cold weather becomes frozen; even sor  inac t ion  saps the  vigors  
of t he  mind." 
-- Leonard0 da Vinci 
When ions with d i f f e r e n t  valence and mobili ty move i n  a 
multicgmponent system, t h e  n e t  motion is  such t h a t  deviat ions from 
stoichiometry are not  detected. 
strated i n  Figure 7. A t  each pos i t ion  throughout t he  e n t i r e  d i f -  
fusion zone, t h e  concentrations of elemental K I Sr  , S i  a r e  such 
This has been experimentally demon- 
4- 4-4- 4- 
%hat t h e  corresponding amounts of t he  oxides sum up to loo%,  
excess contr ibut ion over 1.0 i n  the  value of x 2  6 1 6  comes pr imari ly  
from t h e  zone where S r  has a minimum, Two s i g n i f i c a n t  S O U K C ~ S  of 
e r ro r  may be responsible.  
meter e f f e c t  (75) due t o  which an x-ray i n t e n s i t y  measurement along 
s teep concentration gradients  ( i n  our case,  those of Si4* and Sr'+) 
requi res  correct ion,  The second one is  the  conversion of counts t o  
concentration of t he  element i t se l f .  
(Appendix 1) i s  only approximate and has been shown t o  be a g o d  
assumption over a l imited range of composition only. 
The 
a, 
+-I- 
The f i r s t  one i s  t h e  f i n i t e  beam dia- 
The l i n e a r i t y  assumption 
- 81 - 
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One does not expect, however, t h a t  pe r f ec t  l oca l  
charge neu t r a l i t y  would be maintained a t  a l l  t i m e s  owing t o  
t h e  varying mobi l i t i es  of t h e  ions. The electric f i e l d  which 
i s  set up i n  t he  system is a measure of l o c a l  accumulation of 
charges i.e. extent  of non-stoichiometry. 
L e t  us attempt t o  ca lcu la te  the extent  of non- 
stoichiometry using the  mobili ty model. 
With the  aid of equations (11-17) the  i n t e n s i t y  of 
electric f i e l d ,  V Y  can be shown t o  be 
i = A, B, C 
Since Z < o < Z and the  summation i s  over a l l  the  
0 i' 
cat ions,  t h e  denominator never approaches zero, Thus, the  electric 
f i e l d  after t i m e  t > o never equals i n f i n i t y .  
see f r o m  equation (69) t h a t  VY i s  opposite t o  VXio which is  
cons is ten t  with our notions. 
It is  a l s o  easy t o  
When Di VXio >> Dj VXjoF which a t  t o is  most l i k e l y  
t o  be t r u e  f o r  our d i f fus ion  couples with i being potassium (except 
a t  extremum poin ts  i n  the  d i s t r i b u t i o n  of potassium), equation (699 
s impl i f ies  t o  
VY = -kT VXio/lZo] Zi Xio ( 7 0 )  
- 83 - 
If kT is measured i n  e rgs ,  Zi i n  e.s.u. of charge, then 
VY i s  i n  s ta t  volts/cm. 
For the  couple MD18 H/L, t he  d i s t r i b u t i o n  of R 0 i s  2 
given by 
- - = 2.37 er f  (A/246.75 x -0.045 e r f  ( h / 2 4 3  x IO-"] 
'K20 'K20 
With the  use of t h i s  equation, t h e  s p a t i a l  d i s t r i b u t i o n  
of dY/dh can be shown Co be given by Figure 19. The e l e c t r i c  f i e l d  
dY/dy a t  a p a r t i c u l a r  pos i t ion ,  A ,  decreases with t1l2, and a t  t = 
1 second, t he  maximum f i e l d  is  nearly 0.36 s t a t  volts/cm. 
3 
I f  s, is  the  charge densi ty  e.s.u. per  cm a t  y, then by 
(76) Gauss ' t h e o r d  
d2 Y 
4n3/E = dy2 
where E = d i e l e c t r i c  constant 
Figure 20 shows a p l o t  of t q A  aga ins t  h (with E= 71, The 
3 maximum value of tq is  nearly 3 x 10 e.s.u, see,  per ce. If n 
is t he  number of K 
h Y 
+ ions per cc a t  y then 
n Y e = 3  
(739 
where e is  the e l ec t ron ic  charge (e .s .u . ) .  
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+ This gives a m a x i m u m  concentration of excess K ions 
12 as 6.6 x 10 /t per  cc. 
For a 20% K 0 containing g l a s s ,  the concentration of 
2 
t o t a l  potassium atoms is nearly 7 x 1021 per cc. 
seconds, the number of free K ions corresponds to  "0.2 p a r t s  
per b i l l i o n  a t  a maximum. 
Hence, a t  t = 1 
+ 
W e ,  thus ,  a r r ive  a t  the  conclusion t h a t  except a t  
very s h o r t  times (t < 
is  negl igible  everywhere. 
sec.) , t h e  extent  of non-stoichiometry 
It is  a l s o  possible  t o  ca lcu la te  t he  deviat ion from the  
charge n e u t r a l i t y  equation C Z = o where i sums over a l l  ions i Ji 
passing a particular plane. 
Since 
and 
= -3.06 erf (A/2/6.75 x 10 -10 1 9 
X SrO - 'SrO 
(741 1.86 er f  0443 x LO-"? 
* If J is  the  f lux  of f r e e  K a t  y,  then appl icat ion 
@Y 
of conservation p r inc ip l e  y i e lds  
dJ /dy = -d /d t  
@ Y  3 (75% 
- 87 - 
Using Boltzmann subs t i tu t ion(66’  A = y / i t  i n  the 
above equation w e  g e t  
dJ /dA = (A/2t1l2) (dq/dh) (76) 
@Y 
Multiply both s ides  by dh and in t eg ra t e  between the l i m i t s  
A = -a? t o  A 
Je a t  A 
J$at ? = -00 
q a t  A 
q a t  A =  -00 
1/2 -1 r d J  = ( 2 t  ) j Adq 
Since J a t  h= -00 i s  zero,  above equation y ie lds  a3 
e77 9 
The i n t e g r a l  expression i n  equation (781 i s  a s o r t  of Matano area 
under the p l o t  
pos i t ion  where 
the  value is  
This 
of q aga ins t  A .  
t he  charge dens i ty  i s  a maximum and a t  t = 1 sec, 
0.13 e.s.u. of charge /cm /sec. 
i s  equivalent t o  * 2.4 x 10 ions of K per an 
This f lux  i s  a maximum a t  t he  
2 
8 -e 2 
per sec. and compared t o  the t o t a l  f l u x  of potassium atoms (a t  
A = 01, it is  negl igible .  This proves t h a t  though charge n e u t r a l i t y  
i s  not exact, deviat ions from it a re  very s m a l l .  
The establishment of an e l e c t r i c  f i e l d  r e s u l t s  i n  a ne t  
po ten t i a l  d i f fe rence  (p.d.) across the  couple., The pod ,  can be 
- 88 - 
found by integrat ing equation (70) with respect  t o  ye 
then 
u . L  
where V i s  a constant 
If f o r  convention, we 
Y = o a t  A = 0; - 'io 
w r i t e  
- 
xiO 
Since 
XiO/XiO Q -  =I 1.1 ( fo r  K20) 
where XQ is the  concentration a t  one end of the couple, io 
we obtain 
-6 Y N 15.5 x 10 s t a t  v o l t s  
=I 0005 p v o l t s  
This i s  the e l e c t r o s t a t i c  po ten t i a l  difference between the posi t ion 
h = o and h = +m e The ne t  p.d. between A = -- t o  4 = Qw is ,  
therefore ,  nearly 0.1 pvolt  and is  independent of time so long a s  
the boundary conditions of semi-infinite couple are maintained, 
- 89 - 
A t  a given temperature, say a t  750"C, the  s e l f -  
2 (38) is  8 x IO-* cm /sec. d i f fus ion  coef f ic ien t  of K i n  t h i s  g l a s s  
The direct  coe f f i c i en t  D of potassium, however, i s  only 3,5 x 10 
c m  /sec. from Figure 14. 
motion, it i s  an important question t o  ask why there  is  apparently no 
f 
-10 
11 
2 If the  se l f -d i f fus ion  a l so  occurs by ionic  
influence of any electric f i e l d  on the motion of the rad io  tracer, 
One of the  possible  explanations t o  the  above is  t h a t  a 
se l f -d i f fus ion  experiment i n  an ion ic  system proceeds through exchanges 
+ 
of il f i type only where both i and i have the  same charge. 2 1 2 
Exchanges of the  type i f j where i and j have d i f f e r e n t  valence are 
+- 
extremely rare owing t o  the  charge imbalance and the  e l a s t i c  s t r a i n  
Involved. The r e s u l t  is  t h a t  there  is  no electric f i e l d  produced i n  
the system, The introduct ion of a force due t o  chemical concentra- 
t i o n  gradient  i n  an in t e rd i f fus ion  experiment of f - se t s  the charge 
neu t r a l i t y  condition because an ion-exchange process is no longer 
a necessary requirement, i .e . ,  exchanges of t he  type i 4 a can occur + 
where is  a neut ra l  vacant si te.  
The c r i t e r i o n  t h a t  t he  system nearly preserves loca l  stoi- 
chiometry enables us  t o  write a l l  the d i f fus ion  equations i n  terms of 
neu t r a l  molecules of K 0, S r O  and SiQ2 instead of ions themselves. 
This i s  cons is ten t  with the  atomic mobili ty model. 
2 
Before proceeding t o  discuss  the  magnitudes of other  dif-  
fusion coefficients, it is worth recognizing t h a t  a l l  treatment of 
.! 
- 90 - 
the  da t a  assumed a complete misc ib i l i t y  within the  system. Simple 
(77d ,e) g lasses ,  such as L i  0-Si0 (77a) ,  Na20-Si0 (77b) , N a  0-CaO-Si02 2 2 2 2 I 
K 0-Sio2(77a) are known t o  undergo varying extents  of phase separa- 2 
t i o n  when heat-treated t o  prolonged periods i n  the  v i c i n i t y  of 
Available evidence suggests (77c) t h a t  t h e  lower the  f i e ld  s t rength  
of t he  ion (=charge/radius), the  lesser the  tendency t o  phase separate .  
The r e l a t i v e  e f f e c t s  of addi t ion of an a lka l ine  ea r th  oxide have not 
been s tudied i n  d e t a i l .  
the  contr ibtuion of configurat ional  entropy t e r m  on t h e  introduct ion 
of another element would favor t h e  tendency towards mixing 
appears, therefore ,  t h a t  t he  assumption of simple so lu t ion  behavior 
i n  K 0-SrO-Si0 over the  range 650OC-800°C is  a reasonable one t o  
make 
75OOC. 
From thermodynamics, it may be suggested t h a t  
(77da It 
2 2 
The negative s ign of Dal and i t s  large magnitude are a 
na tura l  r e s u l t  of t he  coupling and the  build-up of space charge 
r e s t r a i n t .  The motion of Sr is pr imari ly  control led by gradient  
of K and is i n  opposite d i r ec t ion  t o  the  flow of K . 
++ 
8 f 
I n  Table 2 , 3  it i s  shown t h a t  though i n  each case the  mag- 
nftudes of Dll and D21 a r e  same within t h e  accuracy, D21 is  more 
frequently l a rge r  i n  magnitude, One question as t o  why the  n e t  
influence of grad ien t  of potassium i s  l a rge r  on the  f l u x  of strontium 
than on its own f lux.  Perhaps, an explanation simply l ies  i n  the  
argument t h a t  t he  descr ip t ion  o f  di f fus ion  eliminated the  inclusion 
- 91 - 
of t h e  gradient  of Si02,  Le., , measurements of D3 w e r e  made i j  
Dij 3 -   Dij  0 - D i 3  0 
0 0 
If one accepted t h a t  D z D21 f o r  reasons of no ne t  
13 
11 
0 0 charge build-up, then s l i g h t l y  pos i t ive  values of D 
which are probable, would be compatible with our results. ,  
and D23, 
The predict ions of mobili ty m o d e l  are very w e l l  sub- 
s tan t ia ted .  F igure  14  shows tha t  both Dll and-D i n  magnitude 
are near ly  the same as  D as expected from equations (51) and 
(56). The r e l a t i o n  (57) i s  a l s o  establ ished.  
2 1  
S r  
If t h e  system were thermodynamically i d e a l ,  D12 f r o m  
equation (55) would be negative and D22 from equation (549 would 
be pos i t i ve ,  
The introduct ion of non-ideality i n  these equations 
led t o  the  suggestion t h a t  both these quan t i t i e s  would be small 
with doubtful sign. 
Calculations arr ived a t  i n  Tables 2 and 3 a r e  a l s o  
4- unable t o  pinpoint  t h e  s ign  except i n  one case. The - 30 con- 
fidence l i m i t s  f o r  each of t he  D12 and D22 cover zero. 
they are, t h e  mutual agreement between the  predicted values and 
Bad as 
the  calculated values from experimental da ta  i s  remarkable. 
The data of Dll and ID I follows. an Arrhenius' rate 2 1  
type equation with an apparent ac t iva t ion  energy of about 48 Kcal/mol. 
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This a l s o  supports t h e  pred ic t ion  w e l l .  
a r e  dominated by D sr 
Kcal/mol. 
Both the  coef f ic ien ts  
which has an ac t iva t ion  energy of 42.8 
The c rea t ion  of electric f i e l d s  and i t s  e f f e c t  on 
ionic  migration appears t o  be r a the r  analogous t o  the  electro-  
migration phenomenon (78) i n  metals. 
c a r r i e r s  are e lec t rons ,  so the  magnitudes of e l e c t r o s t a t i c  f i e l d s  
t h a t  can be se t  up i s  very small. 
f ields have s t rong influence on t h e  motion of ions i n  metals. 
The discussion so f a r  ind ica tes  how only smallmag- 
Since most of t he  charge 
However, even these small 
nitudes of charge accumulation bring a g rea t  change i n  the 
k ine t i c s  of ion ic  motion. Perhaps, a clue l ies i n  t h e  argument 
t h a t  coulomb forces  represent  long range in t e rac t ion ,  
In an earlier publ icat ion (16) by the  author,  d i s t r ibu-  
kion of S i 0  i n  approximately H/K couple could not be obtained 
d i r e c t l y  owing t o  la rge  s c a t t e r  i n  the microprobe analysis  f o r  
SL, Instead, t h e  d i s t r i b u t i o n  of S i 0  w a s  obtained by adding 
the K 0 and S r O  d i s t r i b u t i o n s  poin t  by poin t  and subtract ing ou t  
of 100%- 
of S i 0  
of X = - m with 94% confidence. 
2 
2 
2 
It w a s  shown s t a t i s t i c a l l y  t h a t  t h i s  calculated p r o f i l e  
displayed a t  l e a s t  one extremum po in t  i n  the v i c i n i t y  2 
4- 
The scatter f o r  t he  measurement of S i  i n  t h i s  work has 
been reduced t o  a l e v e l  of 0.4% of the  counts. This enables us  
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t o  observe the  extremum points  d i r e c t l y  as is  shown i n  Figure 9. 
It  is  shown t h a t  not  only extremum points  i n  the v i c i n i t y  
+ of A = - 
(ca l led  "type 2 extremum points")  a l s o  occur (Figure 13) e 
occur, but  extremum poin ts  i n  the  v i c i n i t y  of A = o 
The experimental observation of both types of extremum 
points  supports t he  idea t h a t  occurrence of u p h i l l  d i f fus ion  i n  
multicomponent systems is  not uncommon. Rather, it i s  a na tura l  
r e s u l t  of di f fe rence  i n  mobi l i t i es  of individual  species and 
coupling i n  between them. 
a way t h a t  the species  a re  conserved, t h a t  there  is  no ne t  pressure 
build-up and t h a t  i n  ease of charge flow, the  system resists a 
space charge bui Id-up a 
The ne t  motion is  co-operative i n  such 
I f  the  termini compositions are the  same and t H e  d i f fu -  
s ion temperature is  iden t i ca l  i n  d i f fus ion  couples prepared f o r  
various t i m e s l  then the  concentration d i s t r ibu t ions  of a pa r t i cu la r  
species merge on a y / i t  s ca l e  (Figure 89 This not only means t h a t  
t he  d i f fus ion  process i n  t h i s  system is  Fickean, b u t  the  d i f fus ion  
coef f ic ien ts  are independent of t i m e  as w e l l .  
t he  d i f fus ion  path does not vary with t i m e .  
On composition space, 
It is  seen i n  T a b l e  2 t h a t  Onsager's hypothesis (equation 
3) is  a good representat ion of d i f fus ion  behavior along both HjK 
and I/J d i rec t ions .  Values of x, (2 )  obtained are less than 1.5 
i n  a l l  cases,  
2 
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2 2 
Whereas d i r ec t ions  G/F and H/L give ~ ~ ( 3 )  and x (4) 
V 
values as high as 3, the  inadequacy i n  f i t t i n g  appears pr imari ly  
due t o  t h e  assumption t h a t  d i f fus ion  coef f ic ien ts  are independent 
of concentration. Concentration p r o f i l e s  are not per fec t ly  sym- 
metric about X = o a s  i s  seen typ ica l ly  i n  Figure 13. It must, 
however, be recognized t h a t  t h i s  asymmetry i s  i n  the cor rec t  
d i rec t ion .  
are expected to  have higher d i f fus ion  coef f ic ien ts  a t  a given 
Compositions which are higher i n  t h e i r  K 0 content 2 
temperature ('I , r e su l t i ng  i n  f l a t t e r  d i s t r ibu t ions  
With t h i s  consideration i n  mind, it may be said t h a t  t he  
c h i - f i t t i n g  is  very good along a l l  d i r ec t ions  and t h a t  the  values 
of i n t e rd i f fus ion  coe f f i c i en t s  agree reasonably w e l l  within 
experimental accuracy. 
It  can a l so  be seen t h a t  a l l  calculated.  [D.  . I  obey the  
13 
r e s t r i c t i o n s  ( sec t ion  2.4) imposed by thermodynamics, 
However, w e  are not i n  a pos i t ion  t o  m a k e  a pos i t i ve  
statement i f  w e  consider t he  e r ro r  matrix associated w i t h  the  
[ D . . ] .  Whereas the  standard deviat ion associated with D and 
D21 a r e  general ly  of t h e  order of l o % ,  the  values D 
su f f e r  much l a rge r  errors, even t o  t h e  ex ten t  t h a t  t h e  s ign  of 
these coe f f i c i en t s  is  questionable. 
1 3  11 
and D22 1 2  
This ambiguity ser ious ly  a f f e c t s  the smaller eigen 
value., D a A negative eigen value gives  rise t o  a spinodal 
V 
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decomposition process. 
eigen value can give rise t o  real so lu t ions  of t h e  d i f fus ion  equa- 
t i o n  (80). 
wave-like d i s t r i b u t i o n  near t he  extremit ies .  
I t  has been shown t h a t  even an imaginary 
Concentration d i s t r ibu t ions  i n  t h e  la t ter  case have a 
However, f o r  a thermodynamically stable so lu t ion  of t h e  
t ranspor t  equation, the in t e rd i f fus ion  coef f ic ien ts  matrix must be 
pos i t i ve  d e f i n i t e  (37) since t h i s  matrix i s  the  product of two 
pos i t ive  d e f i n i t e  symmetric matr ices ,  the  "conductance" matrix 
(pagel3) and t h e  thermodynamic a c t i v i t y  coef f ic ien ts  matrix. 
A s  such, no attempts t o  ch i - f i t t i ng  f o r  a negative o r  
imaginary eigen value were made. 
sated t o  steer away during the  course of x2 minimization to take 
a l t e r n a t i v e  routes ,  should such a s i t u a t i o n  arise. I n  such cases 
(two i n  a l l ) ,  the  absolu te  x 2  minimum w a s  located ult imately i n  the  
pos i t i ve  eigen values region. 
The computer programs were compen- 
The coupling between the  various f luxes  and forces  as 
included i n  Onsager's hypothesis can be conveniently unfolded using 
the  concept of eigen vectors  and eigen values. 
I n t u i t i o n  here is r ead i ly  derived through a glance a t  
equations (359, Instead of a s ing le  e r ro r  function d i s t r ibu t ion  
f o r  t h e  binary system, the concentration d i s t r i b u t i o n  of each 
species i s  a sum of e r ro r  functions whose arguments involve the  
eigen values as the  d i f fus ion  coef f ic ien ts .  
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Particularly convenient 
with yi orthogonal basis vectors. 
eigen values are worked out, then 
a fairly accurate diffusion path. 
indicated briefly in section 2.5. 
is the use of composition space 
If the eigen vectors and the 
it is a trivial matter to draw 
The basic rules to do so have been 
To conclude, it has been shown that Onsager's hypothesis 
is a good description of multicomponent diffusion phenomena in the 
K 0-SrO-Si0 system. The kinetics can be conveniently unraveled 
through the use of the eigen vector - eigen value concept. 
also been shown that the atomic mobility model satisfactorily 
describes the relation between the interdiffusion coefficients and 
the self-diffusion coefficients in this system. 
2 2 
It has 
PART I1 
DIFFUSION I N  TEKTITES 
"The only th ing  t h a t  keeps a man going is  energy. 
And what i s  energy bu t  l i k i n g  l i f e ? "  
-- Louis Auchincloss in 
A World of S p i r i t  
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CHAPTER 7 
THE AePROACH 
"Only he who attempts the  r id icu lous  can achieve the  impossiblett 
-- W i l l  Henry, Chicago Tribune- 
N . Y .  News Syndicate 
Concentration f luc tua t ions  of a species i i n  a body decay 
by a d i f fus ion  process. 
appropriate conditions t h i s  d i f fus ion  process can be described 
adequately by the  e f f ec t ive  binary d i f fus ion  coe f f i c i en t  (EBDC) of i. 
In  sec t ion  2.9, w e  have seen t h a t  under 
Estimation of thermal h i s to ry  of t ek t i tes  has been attemp- 
ted by the  following procedure: 
(i) A measurement of inhomogeneities of Fe,  S i ,  A 1  
and C a  i n  t e k t i t e s .  
A measurement of t h e  EBDC of Fe and S i  i n  laboratory 
synthesized t e k t i t e  system. 
Calculation of homogenization t i m e s  of a hypotheti- 
cal mineral composite with per iodic  laminar concen- 
t r a t i o n  f luc tua t ions  of (a) Fe and (b) S i .  
(ii) 
(iii) 
Primary focus f o r  t h e  measurement of inhomogeneities was 
Thailand t e k t i t e  2172". among the  various t e k t i t e  types,  the  2172 
t e k t i t e  does not  show any v i s i b l e  c r y s t a l l i n e  inclusion (81) . 
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Pla t e  1 is a photograph of some of the  specimens used 
i n  t h i s  research. Whereas the  external  mosaic s t ruc tu re  does not 
appear t o  be d i f f e r e n t  from each o ther ,  a cu t  away sect ion of 2172 
* 
t e k t i t e  does not show the  abundance of inclusions o r  bubbles as 
does the  Muong Nong. Thus, s t a r t i n g  from parent minerals, the  2172 
t e k t i t e  i s  expected t o  have undergone one of the most severe thermal 
h i s t o r i e s  among a l l  o ther  t e k t i t e  types. 
An estimation of the  most severe thermal h is tory ,  na tura l ly ,  
demands a narrowing on the  choice of chain of events,  discussed i n  
"Introduction" i n  the  beginning of t h i s  t h e s i s ,  which might have led 
t o  the  formation of t e k t i t e s .  
The measurement of inhomogeneity i n  t e k t i t e s  a l so  included 
a comparison with s imilar  data  i n  two laboratory synthesized t e k t i t e  
compositions, Muong Nong t e k t i t e s ,  Moldavites, Aouelluol g lass ,  ob- 
s id ian ,  g l a s s  obtained from nuclear explosion, microtekt i tes  and 
glassy fragments of lunar dus t  from Apollo 1 2  s i t e .  
* Smithsonian I n s t i t u t e ,  Washington, D. C., code number. 
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CHAPTER 8 
LITERATURE SURVEY 
"Those who searched deep i n t o  the water, (ul t imately)  found Him." 
-- Mahatma K a b i r  
Inhomogeneities i n  T e k t i t e s  
Muong Nong t e k t i t e s  appear t o  be most inhomogeneous. The 
most abundant inclusions have been iden t i f i ed  by Barnes ( 8 2 )  t o  be 
those of l e c h a t e l i e r i t e ,  a glassy phase of S i02 ,  on the  bas i s  of 
index of re f rac t ion .  The s i z e  of these l e c h a t e l i e r i t e  inclusions 
is usual ly  up t o  1 mm. In  spite of the fact  t h a t  quartz is  known 
t o  m e l t  metastably a t  about 145OoC, and above 900°C i n  presence of 
of water(83) I Barnes has emphasized t h a t  the  presence of lecha- 
te l ier i te  ind ica tes  t h a t  t he  source mater ia l  must have reached a t  
least 1710°C, which is  the melting point  of c r i s t o b a l i t e .  
The discovery of coes i te ,  a high pressure form of s i l i ca ,  
i n  Muong Nong t ek t i t e s  by Walter '84) indicated t h a t  these tekt i tes  
must have suffered high pressure such a s  the  ones r e su l t i ng  from 
an impact sometimes during t h e i r  h i s tory .  A t  t he  same t i m e ,  i f  
they reached 17OO0C, then the  temperature could not have lasted for 
more than 175 seconds f o r  a 5 mm s i z e  t e k t i t e  t o  have some coes i t e  
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unconverted t o  c r i s t o b a l i t e .  Walter found t h a t  these coes i t e  
gra ins  of about 11.1 diameter were present  t o  about <lo0 ppm i n  a 
Muong Nong t e k t i t e .  
Recently, inclusions of chromite and zircon have been 
found by Glass (85) i n  a Muong Nong type which a l s o  seems t o  
suggest s imi la r  l imi ta t ions  upon the extent  of thermal h is tory  
f o r  t he  Muong Nong type. 
The discovery of baddeleyite + s i l ica  inclusion i n  
Martha's Vineyard t e k t i t e  by Clarke and Wosinski (86) and i n  
Georgia tekti tes by Clarke and Henderson (87) and E l  Goresy (88) 
suggested t h a t  contrary t o  t h e  Muong Nong type, these t ek t i t e s  
might have reached temperatures above 1700'C f o r  s ign i f i can t  
durat ion of time. 
pos i t ion  of z i rcon around 1775OC e 
Baddeleyite and s i l ica  are formed by the  decom- 
(88) 
Some "finger" type inclusions of s i l i ceous  g l a s s  have 
a l s o  been described by Barnes (") and Chao ( l l ) o  Inclusion of t h i s  
type w e r e  interpreted t o  be-the r e s u l t  of a highly f l u i d  s i l i ceous  
g l a s s  "plunging" i n t o  t h e  t e k t i t e  matrix (11) 
Bubbles or ves i c l e s  occur i n  a l l  the  tektites. Their 
(11) s i z e  is  usual ly  less than 5001.1, and occasionally as much as 1 c m  . 
They vary i n  shape and abundance. 
a l t e rna t ing ,  highly ves icu lar  bands. Most a u s t r a l i t e s ,  bediasites, 
The Muong Nong types d isp lay  
moldavites and some types of t ha i l and i t e s  a r e ,  however, r e l a t i v e l y  
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free of bubbles. 
90) These ves i c l e s  are reported t o  be of good vacuum 
Whereas Barnes (JF32) has suggested t h a t  they a r e  shrinkage bubbles, 
Cooper 
favorable sites a s  a r e s u l t  of i n t e r n a l  t e n s i l e  stresseso 
has suggested t h a t  some of them might have grown a t  
and magnetite (92) The presence of Fe-Ni spherules 
spherules (93) provides a s t rong evidence of t he  associat ion of 
t e k t i t e  formation event with a meteori t ic  impact, There i s  some 
p o s s i b i l i t y  that some of the  magnetite spherules or  pure i ron  
globules appear as a r e s u l t  of a spinodal decomposition process (93) . 
Diffusion i n  Tek t i t e  G l a s s  
There is  no known data on ion ic  d i f fus ion  i n  tekt i tes  i n  
(94) the  ex is t ing  l i t e r a t u r e  other than the  author’s  publ icat ion . 
This paper i t s e l f  forms a s i g n i f i c a n t  part  of t h e  t h e s i s  and, hence, 
w i l l  not  be discussed anymore i n  t h i s  sect ion.  
Some d i f fus ion  da ta  of r a r e  gasses i n  t ek t i t e s  have been 
reported.  Measurements on argon d i f fus ion  were made by Fechtig,  e t  
a1 ‘95a) i n  connection with the  v a l i d i t y  of K-Ar age determination of 
t e k t i t e s .  
w a s  released above 1 0 0 0 ° C  and whatever radiogenic argon formed 
subsequently, remained within the  s t ruc ture .  Diffusion coefficient 
of Ar a t  room temperature w a s  too low t o  cause any s ign i f i can t  loss 
of radiogenic argon. 
These authors observed t h a t  t h e  major f r a c t i o n  of argon 
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Similar conclusions w e r e  reached by Reynolds (95’) con- 
cerning t h e  d i f fus ion  of H e  and N e  i n  h i s  search f o r  cosmogenic 
nuclei  i n  t e k t i t e s .  
Some semiquantitative studies regarding the  disappear- 
(96)  ance of inhomogeneities i n  t e k t i t e s  have been made. Barnes 
found t h a t  inclusions of l e c h a t e l i e r i t e  almost disappeared i f  
t e k t i t e  w a s  heated a t  %15OO0C f o r  %1/2 hour. 
t he  Ne-Fe spherules stayed without d i f fus ing  out  i n t o  tht! matrix 
glass i f  the specimen was heated above 20OO0C f o r  - 2  min. 
I n  another study, 
(97) 
Calculation of Homogenization Times  
A mathematical ca lcu la t ion  of t i m e s  t o  homogenize a 
system has been attempted i n  several  systems other  than the 
t e k t i t e  g l a s s  i t s e l f .  
i n  the  form of a s implif ied model t o  which equations of d i f fus ion  
can be applied. Some examples are:  ca lcu la t ion  of homogeniza- 
t i on  t i m e s  i n  a g l a s s  tank by Cooper(98) , mixing i n  thermoplastic 
materials by Mohr ‘99) , losses  of p l a s t i c i z e r s  from polyvinyl 
chlor ide p l a s t i c s  by Liebhafsky (loo), and i n  the  f i e l d  of geology, 
Most of these calculat ions use the  system 
ca lcu la t ion  of temperature d i s t r ibu t ion  i n  rocks by Lovering (101) 
(102) and re ta ined  argon correct ion f o r  K-Ar age determinations 
CHAPTER 9 
MEASUREMENTS OF INHOMOGENEITY 
"Faults a re  of ten disagreeable and it is  t o  our i n t e r e s t  not t o  
emphasize the disagreeable." 
-- Bernard de Fontenelle 
ble l eve l s  of homogeneity 
whereas most specimens were 
of homogeneity, a quan t i t a t  
Concentration d i s t r ibu t ions  of selected elements were 
measured along an a r b i t r a r i l y  chosen s t r a i g h t  l i n e  on sec t ion  of 
specimens using an e lec t ron  microprobe. 
Preliminary exper b e n t s  ('03) indicated t h a t  g lasses  
dupl icat ing the  t e k t i t e  composition could be prepared with compara- 
within the  laboratory.  Therefore, 
compared qua l i t a t ive ly  f o r  t h e i r  l eve l  
ve comparison was attempted between 
2172 tekt i te  and two laboratory synthesized compositions. 
The descr ip t ion  below w i l l ,  therefore ,  be divided i n t o  
two main s e t s  of experiments: 
(a) a quant i ta t ive  comparison of 2172 t e k t i t e  with 
laboratory synthesized g lasses ,  
(b) a qualitative examination of inhomogeneities i n  
other geological specimens. 
and 
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5 9.1 THE THAILAND' TEKTITE- 2172 VERSUS 
LABORATORY SYNTHESIZED TEKTITES 
9.1.1 The Glasses: 
T a b l e  5 gives the  nominal chemical composition of t he  
2172 t e k t i t e  and two other  g lasses  JC3 and TA. G l a s s  JC3 is  an 
attempted dupl ica t ion  of t h e  t e k t i t e  composition. I t  w a s  prepared* 
by melting 500 g of thoroughly mixed ana ly t i ca l  grade chemicals i n  
air i n  a globar electric furnace a t  155OOC f o r  24 hours. The g l a s s  
had bubbles. 
Glass TA is a s implif ied representat ion of t he  t ek t i t e  
system. It el iminates  a l l  t h e  minor const i tuent .  A globar m e l t  
obtained a t  155OOC was broken t o  pieces and l a t e r  heated i n  a 
ca lc ia -s tab i l ized  zirconia  crucible  i n  a gas-fired k i l n  f o r  a 
soak-time of 4 hours a t  180OOC t o  y ie ld  a bubble-free g lass .  This 
g l a s s  has a l s o  been used f o r  the d i f fus ion  s t u d i e s  which w i l l  be 
described i n  Chapter 10. 
9.1.2 Electron Probe-analyses 
A sec t ion  of t h e  2172 t e k t i t e  and pieces of JC3 and TA 
were mounted i n  a 1" diameter "quick mount" cold mounting media. 
The mount was ground f l a t ,  polished with 3u diamond paste, and, 
* Glass melting w a s  car r ied  out  by M r .  J e f f r e y  L. C r a m e r  under 
d i r ec t ions  of t he  author as p a r t  of h n -  NSF summer studentship 
a t  C a s e  Western Reserve University. 
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TABLE 5 
S io2 
A1203 
Fe203 
FeO 
M g O  
CaO 
N a 2 0  
K2° 
Ti02 
MnO 
CHEMICAL COMPOSITION ( W t .  2) OF 
TEKTITE AND SYNTHETIC GLASSES 
Thailand 
Tekt i te  
2172 
73.0 
12.83 
0.64 
4.37 
2.48 
1.91 
1.45 
2.40 
0.73 
0.09, 
Synthet ic  Synthet ic  
Tekt i te  Tekt i te  
JC3 TA 
72.0 72.0 
13.0 13.0 
1 5.7 5.5 
5.5 
2.7 
2.0 
1.62 
2.31 4.0 
0.72 
0.1 
Raw 
Materials 
Used 
2 S io  
A1203 
Fe 0 3 4  
M g O  
CaC03 
Na2C03 
K2C03 
t102 
Mn02 
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0 
subsequently, shadowed with about 300 A thick carbon fi lm. The 
specimen w a s  then placed i n  the  microprobe and analyzed for  
desired elements with a 1 . 5 ~  diameter probe a t  25 kv using the 
Matrix Method. 
9.1.3 The Matrix Method 
A frequent problem ar i s ing  i n  e lectron probe analysis  is 
the time dependent " d r i f t "  of the instrument. The gradual bending 
of the gun fi lament as the gun assembly w a r m s  Up, t he  change i n  the  
electro-magnetic character of t he  lenses as they w a r m  up, are some 
of t he  causes which contr ibute  towards "dr i f t . "  
The r e s u l t  i s  a gradual change i n  X-ray in t ens i ty  during 
This can of ten  be confused with real 
"The Matrix Method" 
the course of microanalyses. 
concentration var ia t ions  within the  specimen. 
was developed t o  separate small concentration var ia t ions  from the 
t i m e  dependent d r i f t  of t he  microprobe. This scheme of analysis  
consisted of stepping the specimen, under a s ta t ionary  electron 
beam, l o p  i n  a forward d i rec t ion  100 times and then stepping back- 
w a r d  on the same t r ace ,  This is shown i n  Figure 21. The sequence 
of stepping i n  t h i s  manner generates a matrix of data  where a 
column represents  a pa r t i cu la r  pos i t ion  on the  s t r a i g h t  l i n e  t r ace  
and a row represents a pa r t i cu la r  set of consecutive readings along 
the  t r ace  
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FIG. 21 s THE MATRIX 
No. OF 
No. OF 
xII 
Xn I 
CO LU M NS 
ROWS 
12 
x 2 2  
'32 
Xn2 
I3 
'23 
33 
METHOD. 
= No. OF POSITIONS = K  
No. OF REPETITIONS AT 
THE SAME POSlTfON = n 
- 
-'IK --.--.I- 
-. - '2K - - - -  
-- - -  - - - x  
3 K  
- - - 
MEANX~, xi2 xi3 - - ---- - X i K  
THE SEQUENCE OF DATA COLLECTION IS 
1- 
---- 
MEAN 
- 
X 
3j 
Xn  j 
- 110 - 
If the'mdcroprobe simultaneously analyzes two elements, 
A and B,  which are e i t h e r  independently d i s t r ibu ted  or  which 
d isp lay  a negative cor re la t ion ,  a matrix of the  r a t i o  of counts 
of A t o  B w i l l  be free of any e f f e c t s  due t o  defocusing of t h e  
e lec t ron  beam a t  any s tage during t h e  analysis .  
t i o n s  i n  the specimen s tage which can cause s ign i f i can t  defocusing 
over t h e  1 mm t raverse  are thus removed. A t  t he  same t i m e ,  it is  
shown i n  Appendix 4 t h a t  t h e  column means w i l l  be influenced by 
the  inhomogeneities i n  A and B only, whereas t h e  row means w i l l  
be influenced by the  d r i f t  of the  instrument alone. 
S l igh t  imperfec- 
The ana lys i s  of the  da ta  t o  separate the  contr ibut ions 
due t o  inhomogeneities and d r i f t  then becomes a simple two var i -  
ables of c l a s s i f i c a t i o n ,  Analysis of Variance technique employing 
t h e  standard F tests (1049 
9.1,4. Results 
Microanalyses were performed using t h e  Matrix Method f o r  
two p a i r s ,  Fe-Si and A1-Ca, i n  the  three glasses .  Figures 22 and 
23 
r a t i o  f o r  t h e  three  g lasses  versus the  d is tance  from an a r b i t r a r y  
point.  The dashed l i n e s  represent  l i m i t s  of 95% leve l  of confi- 
dence t h a t  no inhomogeneity ex i s t s .  These l i m i t s  a r e  defined by 
t h e  variance of t he  inherent scatter i n  counting. 
show plots of t he  column means of t he  S i F e  r a t i o  and t h e  Ca/A1 
For a mean value 
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of i r o n  oxide content of 5.0 w t .  %, a f luc tua t ion  of 0.05 w t .  % 
can be detected.  
Although the re  appears t o  be a long wavelength f luc-  
t ua t ion  i n  both the  synthe t ic  g lasses ,  t he  t e k t i t e  i s  r e l a t i v e l y  
homogeneous except for a s ing le  iron-rich peak which corresponds 
t o  about 5.25 w t .  % i r o n  oxide. This may w e l l  be remnants of a 
meteori t ic  o r  a magnetite inclusion.  
An addi t iona l  scan on the sample 2001-1 away revealed 
no i ron-r ich peak. 
Table 6 shows t h e  F values f o r  t h e  S i / F e  r a t i o  and the  
Ca/A1 r a t i o  i n  the  three glasses .  
exceeds the  value given i n  the  l a s t  column, it can be s t a t ed  
with 95% confidence t h a t  a s ign i f i can t  inhomogeneity (or d r i f t )  
e x i s t s  
If a measured value of F 
Despite la rge  d r i f t  e f f e c t s ,  the  homogeneity of three  
g lasses  is  not too d i f f e ren t .  I f  w e  ignore t h e  6 0 ~  wide i ron  
r ich inclusion i n  the  Thailand t e k t i t e ,  i t s  F value of Si/Fe 
inhomogeneity e f f e c t  drops t o  1.14, indicat ing t h a t ,  away f r o m  
the  inclusion,  t h e  2172 t e k t i t e  is the  most homogeneous g l a s s  of 
a l l  
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TABLE 6 
F VALUES FOR THE DISTRIBUTION OF Si/Fe AND Ca/Al RATIOS 
Thailand Synthet ic  Synthet ic  Level 
Tekt i te  Tek t i t e  Tekt i te  of 95% 
2172 JC3 TA Confidence 
S i n e  Inhomogeneity e f f e c t  4 . 5  3.9 3.4 1.30 
?rift effect 14.6 314 131 2.11 
Ca/Al Inhomogeneity e f f e c t  1.57 3.7 0.8 1.30 
D r i f t  effect 9.3  73 7.4 2.11 
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59.2 OTHER NATURAL GLASSES 
9.2 1 Experiments 
Cut-away sec t ions  of moldavite, Muong Nang t e k t i t e ,  
nuclear explosion g l a s s  (from Alamagardo, New Mexico), obsidian,  
micro tek t i tes ,  aouelluol crater g l a s s ,  laboratory synthesized 
spheres corresponding t o  Apollo X I  g l a s s  composition and lunar 
g l a s s  fragments from Apollo XI1 si te  were.mounted i n  separate  
1" diameter "quick mount" cold mounting media. These mounts 
w e r e  ground f l a t ,  polished with 3p diamond pas t e  and shadowed 
with * 3001.1 th ick  aluminum film. 
The specimens were placed in s ide  the  microprobe and 
analyzed f o r  Si, Fe and C a  d i s t r i b u t i o n  along a r b i t r a i l y  chosen 
s t r a i g h t  l i n e  paths  under standard conditions of poin t  probe, 
gun vol tage of 25 kv, 0.03pa specimen cur ren t ,  a stepping dis- 
tance of EOp, and a counting t i m e  of 50 seconds. 
The lunar g l a s s  fragments were analyzed f o r  T i ,  and 
Al. as w e l l .  (This mount w a s  shadowed with 3001.1 th ick  carbon 
film. 3 
9.2.2 Results 
Table 7 lists the  reported chemical analyses of 
specimens examined. Figure 24 through 34 are p l o t s  of x-ray 
in t ens i ty  measurements against  d is tmce along a s t r a i g h t  l i n e  
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from an a r b i t r a r y  or ig in .  Cal ibrat ion of counts t o  concentration 
w a s  made aga ins t  TA and TF glasses .  
on each p lo t .  
These sca les  are a l so  shown 
4- The - 30 l i m i t s  of counting s t a t i s t i c s  a r e  a l s o  
shown. 
Both traces i n  moldavite (pale  green, %2 cm diameter 
d i sc ,  4 mm thick)  show s i g n i f i c a n t  f luc tua t ions  i n  a l l  th ree  elements. 
The edge (shown on Figure 26) appears t o  be near ly  pure S i 0  This 
may be due t o  d i f f e r e n t i a l  weathering which l e f t  a s i l i c a  r i c h  matrix 
2' 
(105) . 
The Muong Nong t e k t i t e  ( a 4mm th ick  x 2" long x 1'' wide 
sec t ion ,  greyish-black color ) appears t o  be the most inhomogeneous 
' sample. The specimen shows presence of bubbles and l e c h a t e l i e r i t e  par- 
ticles. The la t ter  are as b ig  as 2001.1 (or  even bigger) and are v i r t u a l l y  
100% Si02. 
The nuclear explosion g lass  (an e l l i p s o i d ,  major axis %4 mm 
and minor ax i s  Q2m) contains the least  amount of S i 0  and as high as 
and; 
2 
( 106) 13% CaO. Such a g l a s s  has cha rac t e r i s t i c s  of a s o f t  g lass  
hence, may be expected to homogenize more rap id ly  compared t o  a t e k t i t e  
composition. The t raverse  i n  the bulk of the specimen shows l i t t l e  
va r i a t ion  of elements. However, t h e  second trace near  the  edge (Figure 28) 
shows la rge  magnitude f luc tua t ions  i n  a l l  the  three  elements. 
The specimen of aouelluol g lass  ( d i r t y  brown, 1 cm s i z e  chunk) 
has the  highest  S i 0 2  content (%86%) .  
inclusions,  presumably of l e c h a t e l i e r i t e  ('07) - 
The specimen contains v i s i b l e  
The present t r a c e ,  however, 
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shows s m a l l  magnitude inhomogeneities. 
The iceland obsidian ( a piece cu t  ou t  from a 2" size chunk, 
dark greyish black) w a s  analyzed with a l i n e  probe s ince a s ta t ionary  
probe revealed some indica t ions  of concentration changes . The 
specimen shows some cor re la ted  var ia t ions  but the  magnitude is  within 
t h e  - 3 0  limits. 
(72) 
+ 
Analysis of a 2751.1 diameter, l i g h t  brown ivory coast  micro- 
t e k t i t e  ind ica tes  the  presence of Fe and S i  inhomogeneities near the  
surface.  The synthesized sphere (601-1 diameter, flame spray spheru- 
dized) corresponding t o  lunar g l a s s  composition from Apollo X I  s i t e  
shows small s ca l e  f luc tua t ions  only. 
Lunar g las s  specimens appear t o  have varying homogeneity. 
One of the  chips (2001-1 longest dimension) appeared t o  have a good 
l e v e l  of homogeneity within the  bulk (Figure 3 3 ) .  However, t h e  
specimen had la rge  concentration var ia t ions  a t  one edge (Figure 3 4 ) .  
Par t i cu la r ly  not iceable  are the  negative cor re la t ion  between s i  and 
C a  and the  pos i t i ve  co r re l a t ion  between T i  and Fe. 
CHAPTER 10 
MEASUREMENT OF EFFECTIVE BINARY D I F F U S I O N  
COEFFICIENTS OF IRON AND SILICON 
"It is  w e l l  t o  t r easu re . the  memories of past misfortunes; they 
cons t i tu te  our bank of for t i tude ."  
-- E r i c  Hoffer 
510.1 THE GLASSES: 
Shown i n  T a b l e  8 are the compositions of galsses  TA, TB 
and TF as calculated from t h e  batch composition. Glass TA, which 
has already been mentioned i n  Chapter 9 ,  is  the  s implif ied represen- 
t a t i o n  of the  Thailand t e k t i t e  eliminating a l l  minor const i tuents .  
G l a s s  TB i s  depleted i n  Fe and t h i s  deplet ion is made up propor- 
t i ona te ly  by the  rest of the  consti tuents.  G l a s s  TF has some of 
i t s  s i l i c o n  replaced by others.  On a pseudo-ternary space, shown 
i n  Figure 35, t he  locat ions of TA, TB, TF are such tha t  the  l i n e  
TB-TA poin ts  towards pure Fe30g and TF-TA towards pure Si02z" The 
reasons f o r  t h i s  have already been explained i n  Part  I ,  Section 2.9.  
Batches, each weighing 600 g made from ana ly t i ca l  reagents ,  
corresponding t o  each composition were thoroughly mixed and melted 
a t  155OOC i n  a i r  i n  a fused s i l i c a  crucible  ins ide  a globar furnace 
f o r  a t  least  60 hours. 
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2 
S io 
A12 O3 
Fe3 O4 
K2° 
Ca 0 
TABLE 8: MEMICAZ; COMPOSITION OF SYNTHETIC 
TEKTITES FOR DIFFUSION S T m ?  
(Wt. %) -
TA 
72 .O 
- 
13.0 
5.5 
4.0 
5.5 
TB 
76.2 
-
13.75 
4.25 
5.80 
TF 
67.0 
_. 
15.32 
6.48 
4.72 
6.48 
.. 
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After t h i s  melting, g l a s s  TF had bubbles smaller than 
1/4 mm t o  the  extent  o f  about 10 bubbles per un3 i n  t h e  bulk and, 
hence, w a s  accepted. Contamination. from t h e  c ruc ib le  mater ia l  
w a s  estimated t o  be negl ig ib le  i n t o  the  bulk,  s ince s i g n i f i c a n t  
a t tack  of the  c ruc ib le  wal ls  w a s  not observed. 
The separat ion between the  c ruc ib le  w a l l  and glasses  TA 
and TB was even sharper. However, both these g lasses  contained 
many bubbles. 
a calcia-stabilized-zirconia crucible and f i r e d  i n  a gas fired k i l n  
with a soak t i m e  of “4 hours a t  18OO0C.* 
Broken pieces of each g l a s s  were then placed ins ide  
A t  t he  end of t h i s  melting, g l a s s  TA w a s  completely bubble- 
f r ee .  Some a t tack  on the  c ruc ib le  was observed. And, hence, g l a s s  
pieces from the  bulk of the  m e l t  only were accepted. 
Glass TB st i l l  had bubbles and, y e t ,  another melting a t  
180OOC could not r i d  it o f  bubbles completely. The abundance of 
these bubbles (up t o  1/4 mm s i z e )  was about 25 per cm3 i n  the  
bulk e 
It was used as  such. 
310.2 DIFFUSION EXPERIMENTS 
Cylinders (0.8 cm i n  diameter) were core-dril led from 
* The author i s  thankful to M r .  Alan King of Zirconium Corporation 
of America f o r  carrying o u t  these  meltings, 
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each of t he  glasses .  
t o  i t s  ax i s  t o  obta in  d i sks  of about 3-1/2 mm thickness.  After t h e  
f l a t  faces of these d i sks  were polished using 3p diamond pas te ,  a 
d i f fus ion  couple w a s  made by placing two d iss imi la r  d i sks  i n  contact .  
Each cylinder was ground f l a t  perpendicular 
Figure 36 shows t h e  d i f fus ion  assembly. The hausing is  
It i s  held together made out  of slip-cast pulverized fused s i l ica .  
by platinum w i r e s .  A Pt/Pt-Rh thermocouple is  inser ted  i n  the  
housing. 
Diffusion anneals were carried out  by placing the  assembly 
i n  a i r  in s ide  a globar furnace. Temperature w a s  controlled t o  
within - 10°C. + 
510-3 ELECTRON PROBE ANALYSES 
Samples w e r e  c u t  along t h e  cy l ind r i ca l  axes. 
mounted i n  "quick mount" cold mounting media such t h a t  t h e  f l a t  
surface w a s  exposed. These mounted samples were polished with 
31.1 diamond paste .  
They were 
After most d i f fus ion  anneals a t  high temperatures, t he  
in t e r f ace  which w a s  v i s i b l e  e i t h e r  due t o  color o r  due t o  a 
r e f l e c t i o n  cont ras t ,  w a s  not very s t r a i g h t .  Microhardness inden- 
t a t i o n s  were placed a t  the in t e r f ace ,  wherever it w a s  s t r a i g h t  
within 51.1 over a 1001.1 length. 
0 
The samples were shadowed with 300 A aluminum f i lm and 
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placed i n  t h e  microprobe. Analysis of Fe and S i  were carried 
out  simultaneously i n  each sample (regardless  of whether it w a s  
a TF-TA couple o r  TA-TB couple) , using a point  probe (21.1 diameter) 
a t  25 kv. The instrument w a s  used i n  an automatic mode described 
i n  sec t ion  4.6 with s teps  of 5p or  l o p  normal t o  the  in te r face .  
N o  attempt t o  convert the  counts t o  concentration was 
made since the  ca lcu la t ions  of EBDC described below do not requi re  
this conversion. 
110.4 CALCULATIONS AND RESULTS 
A t yp ica l  p l o t  of X-ray counts of Fe versus d i s t a n t  y 
i n  microns from the i n t e r f ace  is shown i n  Figure 37. 
For a unid i rec t iona l  semi- inf ini te  couple, with t h e  
i n i t i a l  conditions 
wi = wi f o r  y < o 
= wi Q f o r  y > o 
1 t = o  
and t h e  boundary conditions 
P 
Wi - Wi 
- €or y = - CQ 
- wi Q f o r y = + a  
1 t > o  
where W 
element i, t h e  non-steady s t a t e  so lu t ion  of t h e  d i f fus ion  equation 
i s  the  i n t e n s i t y  of t he  cha rac t e r i s t i c  r ad ia t ion  of t h e  i 
(equation 44, p a r t  1) is 
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where D i s  t h e  EBDC of i and is  assumed constant.  iM 
The above equation enables us t o  ca l cu la t e  D and 
from the  various experiments. Table 9 lists t h e  various 
The r e s u l t s  f o r  DFeM appear t o  be un- 
FeM 
DSiM 
experiments performed. 
a f fec ted  by the  presence of bubbles i n  the  g l a s s  TB because con- 
s t a n t  values of the  EBDC were obtained from t h e  experiments 
conducted a t  t h e  same temperature f o r  various lengths of time. 
This condition of Fickean d i f fus ion  has already been discusspd i n  
p a r t  1, sec t ion  2.7. 
A p l o t  of t h e  logarithm of D and D FeM SiM against  t h e  
rec iproca l  of absolute temperature i s  shown i n  Figure 38. Although 
the re  i s  no reason t o  expect an Arrhenius behavior f o r  any of t h e  
(part 1, sec t ion  2.91, all data of DFeM and DSm appear t o  f a l l  D M  
on s t r a i g h t  l i n e s  with an apparent ac t iva t ion  energy of 64 kcal/mol. 
The absolute magnitude of D is  no more than three times t h e  mag- 
nitude of D 
FeM 
SiM' 
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TABLE 9 
EXPERIMENTS CONDUCTED TO MEASURE EBDC O F  Fe 
(TA/TB COUPLES) AND S i  (TA/TF COUPLES) 
E x p e r i m e n t  
uiM Diffusion 
T e m p e r a t u r e  O C Time (Hours) 10-l' cm2/sec. 
TA/TB 
TA/TB 
TA/TB 
TA/TB 
TA/TB 
TA/TB 
TA/TB 
TA/TB 
TA/TB 
TA/TF 
TA/TF 
TA/TF 
TA/TF 
TA/TF 
TA/TF 
TA/TF 
TA/TF 
1160 
1160 
1160 
1260 
1260 
1370 
1370 
1490 
1490 
1290 
1300 
1320 
1375 
1385 
1385 
1435 
1435 
6.15 
20.0 
67.5 
5.0 
19.5 
4.5 
9.5 
3.0 
3.0 
6.5 
11.75 
4.3 
19.2 
9.4 
9.4 
3.0 
7.2 
1 
0.75 
1.4 
6.5 
5.1 
12.0 
12.3 
75 
80 
3.4 
3.0 
3.3 
4 
4 
6.9 
20.6 
11.5 
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CHAPTER 11 
KINETICS OF HOMOGENIZATION OF 
A HYPOTHETICAL ROCK 
“E pur s i  muove . . e (Nevertheless it does move . e .? 
-- Gali leo G a l i l e i  
W e  consider below a simple hypothetical  model of a rock 
assumed t o  be the  parent  mineral aggregate source of t e k t i t e s .  W e  
w i l l  use mathematical d i f fus ion  theory t o  study the  homogenization 
of t h i s  rock after a thermal treatment is  applied t o  it. 
The model rock is a unid i rec t iona l  laminated structure 
with a per iodic  va r i a t ion  of an element, M. 
Consider the  laminated s t ruc tu re  of inhomogeneity of the 
element, M, shown i n  Figure 39. Each M-rich lamina i s  of thickness 
2cS1, and the  M-depleted lamina i s  of thickness 2 6  
of f luc tua t ion  i s  X = 2 (61 + 6 2 ) .  
l eve l  of M i n  a l l  t h e  M-rich lamina i s  XMo and i n  a l l  t he  M-depleted 
lamina i s  zero a t  t i m e ,  t = 0. 
The wavelength 
2 *  
A s s u m e  t h a t  t he  concentration 
The concentration, X a t  y = o and t > o i s  given by the  
M 
( 108) equation below 
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where 
= EBDC - t i m e  product of M (Dt) e f f  
(dt/dT) dT f o r  M thermal cycle (83) 
= D(T)  
D being t h e  EBDC of M a t  temperature, T. 
Equation (82 ) can be solved f o r  various r a t i o s  of 
(TI 
y2. 
when ( D t )  
lamina were of equal thickness (=A/2). 
It is  possible  t o  show t h a t  f o r  l a rge  t i m e s ,  i .e . ,  
/A2 exceeds 0.1, t he  so lu t ion  behaves as  i f  a l l  t h e  
ef f 
When 61 = 6 2 ,  a more convenient form of equation (82 ) 
( 109) f o r  long times is  
- 
2 "M - "r*r N 4 exp [-4 ?'r ( D t )  / A 2 ]  
'MO- "la 
ef f -
'lr I- 
(84) 
The l e f t  hand s ide  of equation (84 i s  j u s t  t he  
f r ac t iona l  change i n  concentration a t  y=o above the  mean, 
No s i g n i f i c a n t  inhomogeneity of M i s  detected by the  
e lec t ron  microprobe when 
= 0.01 
The f igure  0.01 corresponds t o  the  95% l e v e l  of confidence 
l i m i t ,  expressed as  a f r ac t ion  of t he  mean, arr ived a t  i n  sec t ion  
9.1.4. 
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Equation (84 ) corresponds t o  
2 
( D t I e f f / ) l  = 0.12 
I f  (XM - X M . ) / ( x M ,  - x ) w e r e  0.0005, we g e t  (Dt) / A 2  M ef f 
20.2. 
It is  evident t h a t  when ( D t )  / A 2  exceeds 0.2, w e  can e f f  
no longer detect the  occurrence of any fu r the r  homogenization using 
the  e lec t ron  microprobe. 
The above ca lcu la t ion  assumed t h a t  t he  wavelength of M- 
inhomogeneity i n  the  parent  rock i s  a constant value. Rocks i n  
r e a l i t y  a r e  r a r e l y  as per iodic  a s  of Figure 39, Introduction of a 
second wavelength which is longer requires  more t i m e  for homogeni- 
zation. One such ca lcu la t ion  i s  shown i n  Appendix 5. A l s o  shown 
i n  t h i s  appendix is a calculat ion of homogenization of a 3-dimen- 
s iona l  hexagonal s t ruc tu re  with spher ica l  p a r t i c l e s  r ich i n  element 
M,  embedded i n  M-depleted matrix. It i s  shown t h a t  the introduc- 
t i o n  of 3-dimensional d i f fus ion  does not g rea t ly  a f f e c t  the  r e s u l t s  
of homogenization t i m e s  obtained f o r  t he  unid i rec t iona l  laminated 
s t ruc ture .  The e r r o r ,  perhaps, is no more than 20% a t  la rge  t i m e s .  
CHAPTER 1 2  
DISCUSSION 
"I think t h a t  i n  the  discussion of na tu ra l  problems w e  ought t o  
begin not with the  Scr ip tures ,  bu t  with experiments and 
demonstrations. " 
-- Gali leo G a l i l e i  
I t  has been demonstrated i n  sect ion 9.1.4 and 9.2.2 t h a t  
the  2172 t e k t i t e  i s  one of t he  more homogeneous glasses  examined. 
I t  does not have any fea tures  a r i s ing  from shock induced l a t t i c e  
d i s t o r t i o n  which, otherwise, seem t o  be present  i n  the  lunar frag- 
ments i n  the form of correlated d i s t r ibu t ion  of elements, Except 
f o r  a s ing le  60p wide peak with s l i g h t  enrichment of i ron ,  there  
a r e  no s igns of any c r y s t a l l i n e  inclusions o r  bubbles as are  t o  a 
large degree i n  the  Muong Nong t e k t i t e  and t o  a lesser ex ten t ,  i n  
aouelloul g lass .  
I f  t h e  age da t a  on Thailand t ek t i t e s  i s  co r rec t l  then the  
lack of la rge  sca l e  weathering indicates  t h a t  these t e k t i t e  glasses  
have a high chemical du rab i l i t y .  The res i s tance  t o  a t tack  w a s  a l s o  
noted while melting batches of dupl icate  composition (pagel06). The 
high chemical r e s i s t i v i t y  i s  generally associated with hard glasses  
and the  ones which a re  d i f f i c u l t  t o  m e l t .  While the  micro tek t i tes ,  
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which have been preserved under ocean beds f o r  “ 0 . 7  m.y. a s  wel l ,  
appear more resistant, the 2172 t e k t i t e  seems be t t e r  i n  homogeneity. 
Although the  2172 t e k t i t e  is more homogeneous than the  
nuclear explosion glass which is  a s o f t  g lass ,  it is not j u s t i f i a b l e  
t o  d i r e c t l y  compare the  hea ts  associated with the formation events 
of the two glasses  s ince the exact recovery area of t he  nuclear 
explosion g lass  is  not  known. Certainly a volcanic event is capable 
of producing large chunks o f  r e l a t i v e l y  homogeneous g l a s s  such as  
the  Icelapd obsidian. 
higher s i l i c a  content,  w e  can admit a meteori t ic  impact as another 
p o s s i b i l i t y  which might have led t o  the formation of t e k t i t e s ,  
Keeping i n  mind t h a t  aouelloul g l a s s  has much 
To estimate the  thermal h is tory  associated with the t e k t i t e  
formation, we use the  premise (sect ion 9.1.4) t h a t  though submilli- 
meter wavelength composition f luc tua t ions  might e x i s t ,  the  2172 
t e k t i t e  can be considered e s sen t i a l ly  homogeneous on a micron scale .  
The e s sen t i a l  condition t h a t  the occurrence of any fur ther  homogeneity 
is not detected,  i s  
( D t I e f f / X 2  =. 0.2 
ef f The above equation gives u s  the values of m i n i m u m  ( D t )  
Since required t o  homogenize rocks with various p a r t i c l e  s izes .  
measurements of the D iM 
have been made (Chapter l o ) ,  it is  possible  t o  sketch a rb i t r a ry  
f o r  Fe and Si as  a function of temperature 
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thermal h i s t o r i e s  which would correspond t o  a given minimum value 
of ( D t I e f f .  And as an example, Figure 40 i s  such a sketch, 
After the  hea t  producing event a t  t = 0, the  temperature 
quickly rises t o  about 180OOC and then cools down. S igni f icant  
d i f fus ion  occurs only within the  shaded area.  
the shaded area i s  
nize i ron  f luc tua t ion  wavelength of 401.1. 
d t  
The I D e f f  (-$dT of 
cm2 which i s  s u f f i c i e n t  t o  homoge- -6 3.2 x 10 
Table 10 i s  presented t o  permit addi t iona l  i n s igh t  i n t o  t h e  
thermal h is tory  necessary t o  homogenize i ron  f luc tua t ions  of various 
wavelengths. The l a s t  two columns give the minimum t i m e s  f o r  homo- 
genizations a t  155OoC and 180OoC i f  the glass were heated t o  t h a t  
temperature instantaneously and quenched a f t e r  homogenization. 
For a f i n e  p a r t i c l e  s i z e  i n i t i a l l y ,  the  homogenization t i m e s  
are of the  order of seconds, bu t  quickly turn  i n t o  minutes as the 
p a r t i c l e  s i z e  is  increased. I t  should a l s o  be recognized t h a t  homo- 
genization of s i l i c o n  f luc tua t ions  of same wavelengths would require  
three  t i m e s  longer soaking, 
The above ca lcu la t ion  f o r  i ron  homogenization is  based upon 
t w o  m i n  assumptions : 
( i l  A l l  the  i ron  comes from the  mineral i t s e l f  and not from 
the  meteorite,  i f  the  meteori t ic  impact was the  cause of t e k t i t e  formation. 
(ii) EBDC follows Arhenius r e l a t i o n  up t o  a t  l e a s t  18OO0C. 
The f i r s t  of these assumptions seems l i k e l y  because the  
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TABLE 10 
HOMOGENIZATION TIMES AT 155OOC and 1800OC 
FOR VARIOUS PARTICLE SIZES (x/2) 
t1550°C tl 800 OC 
32 sec. 40 3.2 x 320 sec. 
100 0.2 33 min. 3.3 min. 
400 3.2 9 hr. 0.9 hr. 
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t ranspor t  of i ron  through the  dis tances  of t he  order of centimeters 
f o r  large t e k t i t e s  is very unl ikely a t  conceivable temperatures. 
Another reason is  the  occurrence of low N i  content i n  t e k t i t e s .  
Nickel ought to  d i f fuse  as fast  as i ron  and the  chances of a l l  the 
t e k t i t e s  being produced by no nickel  containing meterites a r e  very 
s l i m .  
Theoret ical  bas i s  f o r  expecting Arrhenius behavior of 
EBDC follows arguments given f o r  t h e  temperature dependence of the  
in t e rd i f fus ion  coe f f i c i en t s  i n  52.9. The r e s u l t s  shown i n  
Figure 38 
a reasonable descr ip t ion  of the  temperature dependence of EBDC. 
seem t o  suggest t h a t  the  Arrhenius rate equation gives  
A simple ca lcu la t ion  using the  same Arrhenius equation 
shows t h a t  t he  ex ten t  of d i f fus ive  mixing over 0 - 7  mil l ion  years 
under normal atmospheric temperatures on land corresponds t o  a 
thermal h is tory  of - 3 x CRI Thus, f o r  a l l  p rac t i ca l  purposes, 
t he  homogeneity of the Thailand t e k t i t e  must be associated with the 
melting event o r  events., 
2 
I f  Henbury subgreywackes w e r e  t o  be the  parent source,  then 
the 1/4 mm quartz  particles w i l l  r equi re  a thermal h i s to ry  of - 1 - 2  x 
2 cm , i .e , ,  an equivalent of 4 hours soak time a t  18OO0C. Such 
a thermal treatment is d i f f i c u l t  t o  imagine unless  the g l a s s  was pro- 
duced ins ide  the chest  of a volcano where it stayed f o r  a long t i m e  
or  it cooled exceedingly slowly because the  surrounding atmosphere 
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was equally hot. 
The moon is a favorable s i t e ,  but  more sampling needs be 
done to  find a source with a matching composition. 
CHAF'TER 13 
SUGGESTIONS FOR FUTURE WORK 
"Genius is  one per cent  insp i ra t ion  and ninety-nine per cent 
persp i ra t ion  " 
-- Thomas Alva Edison 
Many of the  conclusions a r r ived  a t  i n  Par t  I could be 
given more support i f  t he  da ta  on oxygen self d i f fus ion  coeff i -  
c i e n t  and the  thermodynamic a c t i v i t y  coe f f i c i en t s  i n  the  K O-SrO- 
S i 0  system w e r e  avai lable .  
2 
2 
The e lectr ic  f i e l d  in t ens i ty  and other  r e l a t ed  e f f e c t s  
calculated i n  Chapter 6 need experimental support. For example, 
an experiment could be carried out  t o  show t h a t  there  i s  a f i n i t e  
e l e c t r o s t a t i c  po ten t i a l  difference across the d i f fus ion  couple 
during the  process of d i f fus ion  which i s  t i m e  independent. 
On quenching the  couples the  charges are "frozen." The 
magnitudes of charge accumla t ion  are, perhaps, s u f f i c i e n t  t o  cause 
some changes i n  t h e  v ibra t ion  spectra  which could be detected. 
It is clear t h a t  P a r t  I1 has at tenpted t o  solve two var i -  
ables: the parent  source, and the  thermal h i s to ry ,  out  of one 
piece of information, v iz . ,  the  homogeneity i n  the  as observed s t a t e .  
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and 
An explicit ca lcu la t ion  of e i t h e r  of t he  two var iab les ,  therefore ,  
is impossible unless some other  approach i s  used i n  conjunction 
with the present  one. 
Two types of experiments appear promising: 
(i) t h e  oxidation state of i r o n  or  t h e  dependence 
of Fe2*/Fe3* r a t i o  upon thermal h i s to ry  
nucleation and c r y s t a l l i z a t i o n  k ine t i c s  of i r o n  
s i l i c a t e  phases i n  t e k t i t e s .  
( i i 9  
The first topic  is  important because it i s  not easy t o  
dupl icate  the  Fe  /Fe r a t i o  i n  laboratory synthesized tek t i tes  
and second one because c r y s t a l l i z a t i o n  r ead i ly  occurs i n  t ek t i t e s  
when exposed t o  atmosphere a t  temperatures i n  excess of 1 2 O O O C  
2+ 3+ 
(1101 
APPENDIX 1 
THE ANALYSIS OF GLASSES 
Analysis of glasses was ca r r i ed  out  i n  two ways: 
(i) flame photometric determination of potassium 
content 
(ii) elec t ron  probe analysis  of K,  S r  and S i  
Flame Photometric Determination of Potassium 
Approximately 0,1 g ,  g l a s s  w a s  accurately weighed ou t  
i n  a 25 m l ,  platinum crucible .  
water and then 5 m l s .  of 49% H F  9 5 drops of conc, HC1 were added 
t o  it. 
p la t e .  
HF/HCl was added. F ina l ly ,  the  evaporation t o  dryness w a s  concluded 
after addi t ion of 2 drops of conc. H SO 
It was moistened with 5 drops of 
The crucible  after gent le  swir l ing,  w a s  placed on a ho t  
When the  so lu t ion  nearly evaporated a second al iquot  of 
2 4" 
The dried mass w a s  brought i n t o  250 m l s .  of solut ion (with 
water and 2,5 m l s ,  conc. HC1) 
For flame photometry, a d i lu t ion  t o  br ing the  Concentration 
l eve l  of potassium t o  "20 ppm w a s  found necessary. 
The flame photometry was car r ied  out  by a Coleman flame 
photometer which was calibrated t o  read concentration of potassium 
with t h e  help of 0 ,  10, 20 ppm K 0 standard solut ions.  2 
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The standard solut ions and the  unknown solut ions were 
sprayed i n t o  flame individual ly  and t h e i r  corresponding charac- 
t e r i s t i c  emissions were noted. 
readings against  chemical concentration of K 0 ,  
Figure 41 is  a p l o t  of the flame 
2 
Electron Microprobe Analysis of Glasses 
A l l  g lasses  were ground t o  obtain -2001.1 thick wafers, 
These wafers w e r e  cemented t o  each other  with a heat-cement, and 
then sandwiched between small pieces of 1 2 5 ~  thick microscope 
cover glasses .  T h i s  sandwich was then mounted i n  a 1" diameter 
mold i n  "quick mount" medium such t h a t .  the  thickness of the sand- 
wich w a s  exposed. 
diamond, shadowed with "300 A th ick  aluminum f i lm and placed i n  
The mount was ground f l a t ,  polished w i t h  31.1 
0 
the  microprobe. Analysis was car r ied  out i n  t h e  standard mode 
6: 5 4.6 1 with a l i n e  probe and 100 sec,  counts, 
I n  Figure 42 i s  shown a p l o t  o f  counts f o r  each oxide 
against  the  chemical composition as determined by the batch formula. 
It is  shown t h a t  the data fo r  each oxide f a l l s  on s t r a i g h t  
l i n e s ,  This j u s t i f i e s  the assumption t h a t  f o r  each oxide, t h e  x-ray 
counts a r e  l i nea r ly  re la ted  t o  the  chemical concentration within 
t h e  range of compositions investigated,  
Coupled with the  flame photometric determination of 
potassium, the  chemical composition of g lasses  is estimated t o  be 
what is  shown i n  t ab le  below. 
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TABLE 11 
Glass 
H 
K 
I 
J 
G 
F 
L 
CHEMICAL COMPOSITION OF GLASSES (wt. %) * 
K2° S r O  S io2 
22.8 15.6 61.3 
(23.1) (15.5) (61.4) 
19.8 20.0 60.5 
(19.7) (20.0) (60.3) 
21.6 18.4 60.0 
(21.8) (18.2) (60.0) 
21.35 15.9 62.6 
(21.5) (16.0) (62.5) 
20.1 17.0 63.1 
(20.0) (17.0) (63.0) 
23.0 18.4 58.5 
(23.0) (18.5) (58.5) 
18.15 18.0 64.1 
(18.0) (18.0) (64.0) 
Total 
99.7 
100.3 
100.0 
99.95 
100.2 
99.9 
100.25 
* Figures in parentheses represent calculated compositions 
of t h e  batch. 
APPENDIX 2 
GRAPHICAL CALCULATION OF ID. . I  
13- 
The assumption of l i n e a r i t y  between x-ray in t ens i ty ,  
= a W. + bi i i i  Wi, and t h e  concentration X i .e.,  the equation X i' 
where a and bi are constants,  enables us to rewrite equation (62) i 
as 
YL 'i 2 
j 
- ( 1 / 2 t )  P 4 AiydWidy = 2 C ( W j I K  - ( W . 1  I Dij a 
j= l  7 L  Y, ( W i ) ,  
(A2-1) 
The above equation now employs the  r a w  data  d i r e c t l y  
and, hence, represents  considerable s implif icat ion.  
Fig. 43 i s  a p l o t  of counts vs. dis tance  from an a r b i t r a r y  
o r ig in  f o r  IJID20 H/K couple. The r a w  data  f o r  MD20 I/S has already 
been p lo t ted  i n  f i g .  10. 
 or H/K couple, 
a = 1,462 x 10 , bl = -0.4 
a = 1,375 x 10 I b2 = 1.0 
-4 
-3 
1 
2 
where the  subscr ip t  "1" r e f e r s  t o  K 0 and "2" t o  S r O ,  2 
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Matano area fo r  K 0 (from -m t o  the in te r face)  2 
- Q) to  401.1 (on a rb i t r a ry  sca le )  = o 
4 4 t o  701.1 = 0.05 x 10  (162 + 132)= 7.42 x 10 
2 
4 4 4 t o  1041.1 = 7.42 x 10 + 0.1 x 10 (132 + 98)- 18.92 x 10 
2 
4 t o  1401.1 = 18.92 x 10 + 0.175 x lo4  (98 + 62]= 32.02 x 
104 2 
t o  1701~. = 32,02 x 10 4 + 0,3 x l o 4  662 3 2 ) =  46-12 x 10 4 
2 
4 4 4 
2 
t o  2 0 2 ~  = 46-12 x 10 t 0,4 x 10  (32)= 52.52 x 10 - 
Double in t eg ra l  area by trapezoidal ru l e  
4 4 x - 30) + (7.42 t 18.92) 34 x 10 p(704.2 x 10 t (18,92 + 32,02))g 
2 2 2 
4 4 36 x 10 + (32-02 t 46,12) 30 x 10 8 (46012 + 5 2 . 5 2 ) ~  32 x 
2 2 
4 103 ,  10 [111-2 + 448 + 917 + 1172 + 14783 
2 counts x microns 4 = 4126 x 10 
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Matano area for  MD20 H/K SrO (from - OD to interface) 
2 3 t o  701.1 = 1 x 10 x (162 + 132)= 14.7 x 10 
2 
3 2 3 
2 
t o  1201.1 = 14.7 x 10 + 3 x 10 (132 + 8 2 ) ~  4608 x 10 
3 3 + 4 x l o 2  (82 9 42)= 7.16 x 10 
2 
to  1 6 0 ~  = 46.8 x 10 
3 2 3 
2 
t o  1 8 0 ~  = 7.16 x 10 + 3 x 10 (42 + , 2 2 ) =  81.2 x 10 
3 3 + 5 x l o 2  (22) = 86.7 x 10 
2 
t o  202p = 81.2 x 10 -
Double i n t e g r a l  area = 
3 3 x - 120 9 (81.2 +71.6) 10 c71.6 x 10 x 20 3- ( 8 1 . 2  c 86.71% 
2 2 2 
22 x l o 3  -J 
3 2 counts x microns = (4280 + 1528 + 1850) lo3 = 7658 x 10 
For MD20 I/J 
-4 a' = 1 x 10 , b i  = 7.65 1 
-3 a i  = Oe96 x 10 , b; = 5.4 
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Matano area for MD20 I/J K 2 0  ( -  a to 0 ) 
- 00 to -841.1 
to -641.1 
to - 4 2 ~  
to - 3 2 ~  
t o  -22y 
t o  -12y 
to 01.1 
= o  
4 = 0.05 x l o 4  (84 + 649 = 3.7 x 10  
2 
6 4 + 0.1 x l o4  (64 t 42) = 9.0 x 10  
2 
= 3.7 x 10 
4 4 + 0.1 x l o 4  (42 + 32) = 12.7 x 10 
2 
= 9.0 x 10 
4 4 
-I- 0.025 x l o 4  (32 + 229= 13.37 x 10 = 12.7  x 10 
2 
= 13.37 x l o6  - 0.025 x l o4  (22 + 1 2 )  
2 
4 
= 12,95 x 10 
Double i n t e g r a l  area 
4 3.7 x 10 9 20 9 (3 - - 
2 
4 4 = 12.95 x l o 4  - 0.05 x 10 x - 1 2  = 12-65 x 10 
2 
4 4 7 + 9,O) 10 x 22 + 69.0 + 12.7)J.O x 10 
2 2 
4 4 
C (12,7 C 13,371 10  x 10 f (13.37 + 12,951 10 x 10 t 
2 2 
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4 (12.9 + 12.65) 10 x 1 2  
2 
4 
= 10 (37 + 139.7 + 108.5 + 130.3 -k 131.0 -k 153,5) 
4 2 = 700 x 10 counts p 
For MD20 I/J SrO, the  Matano area between - 00 t o  Op 
- CQ t o  -25 = 0 
3 - 15p = 1 x l o 2  (25 + 15) = 2.0 x 10 
2 
3 3 + 5.5 x l o 2  (15 + 5) = 7.5 x 10 t o  - 5p = 2.0 x 10 
2 
3 2 3 
2 
t o  Op = 7.5 x 10 + 6 x 10 (2) = 9.0 x 10 
Double i n t e g r a l  area = 
2 counts p 3 = 10 (10 -t 42-5 + 41.3) = 993-8 x 10 
The above area ca lcu la t ions  represent  maximum values. 
If we draw curves i n  such a way t h a t  areas are a m i ~ m u m ,  w e  f i nd  
t h a t  whereas for H/K couple only about 5% change occurs, f o r  I/J 
couple, 
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6 2 
3 2 
double i n t e g r a l  area f o r  K 2 0  = 566 x 10 counts 1-1 
double i n t e g r a l  area for SrO = -189 x 10 counts 1-1 
So t h a t  t h e  corresponding mean values are, 
i- 2 
+ 2 
a- 4 2 
i- 4 2 
for MD20 I/J K 2 0  = (630 - 70) l o 4  counts p 
M D ~ O  r/J S r O  = (-50 - 140) lo3  
MD20 H/K K20  = (4126 - 200) 10 
MD20 H/K SrO = (7658 - 400) 10 counts 
counts 1-I 
counts p 
Diffusion t h e  f o r  MD20 couples = 6.66 hours 
The d is tance  scale requi res  a cor rec t ion  of Cos 15" which i s  the  
d i r ec t ion  of t r a n s l a t i o n  of specimen s tage  t o  the d i r ec t ion  of 
d i f fus ion .  
Correction f o r  t h e  double i n t e g r a l  area is, therefore ,  equal t o  
Cos 15" or  0,907. 
Substi tuting the  concentration d i f f e r e n t i a l s  between - ~0 t o  inter-  
face  and the  double i n t e g r a l  areas w i t h  appropriate s igns  i n  eqn, 
dA2-11, w e  g e t  
2 
8 4 1 ,5  D - 2 , 2  D = (1.462 x (4126 - 200) 10 x 0.907 
2 x 6.66 x 60 x 60 11 1 2  
= (11.4 9 0.5) 10-l' cm2/sec 
9 3 1 , 5  D - 2,2 D = (1.375 x lom3) (-7658 - 400) 10 x 0.907 
2 x 6.66 x 60 x 60 21 22 
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0.125 Dll + 1.25 D12 = (0-77 x (630 $. - 70) 10 4 x 0,907 
2 x 6.66 x 60 x 60 
= (0.915 + - 0.093) 10-l' un 2 /sec 
and 0.125 D21 + 1.25 D22 = (1.02 x lom3) (-50 + - 140) l o f3  x 0.907 
2 x 6,66 x 60 x 60 
= -  (0.0965 + - 0.27) 10-l' cm 2 /sec 
(A2-2) 
From above 
Dll 5 (7.6 e - 0.4) 1 0  -10 cm 2 /sec 
+ -10 2 
9 (0 - 0.5) x 10 cm /sec 
= -(11.75 - 0.9) cm2/sec 
O 1 2  
O21 
O 2 2  = (1 2 1.1) 10-l~ cm2/sec 
f 
(A2-3) 
APPENDIX 3 
VARIANCE OF X-RAY COUNTS 
Calculated below are t h e  variances of x-ray i n t e n s i t y  f o r  
S r ,  K and Si .  Although t h e  sample size i n  e a c h c a s e  i s  r a t h e r  s m a l l ,  
calculations are judged t o  be unbiased between sample t o  sample. 
The counting t i m e  fo r  each observation w a s  100 sec. 
For S r  
Sample counts W = 12493, 12572, 12736, 12648, 12589, 12683, i 
12647, 12646, 12299 
2 
W = 12590.333, 
o2 = 1/8 [1426782569 - 9(12590.333) I 
- 
CWi = 1426782569 
2 
= 16770 
So, d = 129.5 
and s 1.0% 
For K 
Sample counts W are 
i 
(17466, 17’550, 17551, 17571, 17552, 17540, 17675, 17620, 
17619, 17551, 17570, 17587, 17665) x 1 0  
2 - W = 1757.82 x 10 
CW: = 40169620.83 x 10 4 
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1/12 [40169620.83- 13 (1757 82) 2] 
312680 
559 
and (a/+) = 0.318% 
For S i  
Sample counts W i 
(13551, 13727, 
13750, 13738, 
13674) x 10 
13707, 13732, 13697, 13778, 13679, 13709, 
13623, 13691, 13638, 13644, 13598, 13658, 
4 
2 4 
= 31824059.96 x 10 2 
- 
W = 1368.2 x 10 , cWi 
u2 = 1/16r31824059,96 - 17(i368.2) 1 x io 
= 343050 
or CI = 585.7 
and = 0.42% 
To convert ow (i.e. standard deviat ion of counts) t o  
u (standard deviat ion of concentration),  we make use of the l i n e a r i t y  
assumption 
X 
or  
X = a W + b  (A3-1) 
With the assumption t h a t  fo r  t h e  Rth observation ( C ~ , / W ) ~  
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does not change; we can write 
* % (a,) = a 9 (coefficient of variation) 
(A3-2) 
R "  Equation (A3-2) provides the weighting scheme for every X 
APPENDIX 4 
THE MATRIX METHOD 
Consider Fig. 2 1  
The manner i n  which the  da t a  is col lec ted  i s  
t i m e  t increasing 
n is  t h e  t o t a l  number of rows, k is t he  t o t a l  number of columns. L e t  
n be an even number and t i m e  spent a t  each pos i t ion  (elementlbe p 
seconds e 
The r t h  colunn comprises of n counts which were taken a t  
t i m e s  pr ,  %pr + 2 (k-r)p) , (pr + 2kp) , (pr + 2kp -I- 2(k-r) p) , e 
after the  s t a r t i n g  po in t  (io@. beginning of X ., 11 
L e t  t h e  background i n t e n s i t y  g d r i f t  l i n e a r l y  with t i m e .  Thus 
g = m t + g  (A4-1) 
0 
where g i s  a constantr  m i s  the  slope of the d r i f t .  
0 
For a l l  odd row numbers, t he  ne t  background is  given by 
'Zg)odd = go + m [pr + (pr + 2kp) -I- (pr + 4kp) f e 
t o  terms] 2 2 
= E go + E pr  + m n(n-2) kp 
2 2 4 (A4- 2) 
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For a l l  even row numbers, t he  ne t  background is  given by 
- (%Ieven - 2 go + m[(pr + 2(k-r)p) + (pr +2(k-r)p + 
2 
+2kp) + (p r  + 2(k-r)p + 4kp)+ . . t o  - n terms] 
2 - 2 go + nm(pr + 2(k-r)p) + mn(n-2) kp - 
2 2 4 
(A4-3) 
The t o t a l  background is  a sum of (A4-2) and (A4-3) 
(A4-4) 2 - - ngo + (mn kp/2) 
Equation (A4-4) shows t h a t  the  t o t a l  background a t  a 
p a r t i c u l a r  pos i t ion ,  r ,  i s  a constant and does not depend upon r. 
Hence, the  co lum mans a r e  free of a l l  d r i f t  effects. 
B y  i n t u i t i v e  reasoning, it can be sa id  t h a t  the  row mans 
are f r e e  of inhonogeneitieso 
APPENDIX 5 
HOMOGENIZATION OF OTHER MODEL ROCKS -
(1) UNIDIRECTIONAL LAMINATED STRUCTURE W I T H  TWO WAVE LENGTHS : 
Fig. 44 shows a laminar s t r u c t u r e  which is  a sum of 
two funct ions,  
* * 
f l  (y) and f 2  (y) where 
f l  (y) = XMo f o r  0 < y < ~ / 6  
* * 
* 
= 0 f o r 1 ~ / 6  < y ~ / 3  
* * 
f l  % y  +.rr/3) = f l  (Yl 
* * 
f 2  (y) = 0 f o r  0 < y < . % / 6  
* 
f o r  9rr /6 c: y < 1 0 ~ 1 6  - - xMo 
= -%o f o r  101~16 $ < l & / 6  * 
= 0 f o r  1 h / 6  < y < 2 n  
* * 
f 2  (y 4- m.1 = f 2  (y) 
* 
L e t  y = ( a / 6 a ) y  
so t h a t  the  primary shor t  wave length i n  the  system is  A = a, The 
long wave length X corresponds t o  f (y) and is  6a. The average 
concentration of t o t a l  function is  X /2. 
1 * 
2 2 
MO * 
Fourier components of f ( y )  are given by 1 
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s + v > 
.4 h r b 
XMQ 
0 
i k 
x M *  
FIG. 44 A HYPOTHETICAL LAMINAR STRUCTURE 
WITH TWO WAVELENGTHS. 
Y - -  I VI3  2T/3 n 4T/3 5n/3 2m 0 
I I I I I 
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* * * 
f l (y)  = 'MO + 2xM0 S i n  6 y + - 2xM0 S i n  18 y - -  
2 lT 31T 
* * + 2xM0 S i n  30 y + - 2xM0 S i n  42 y . . . - 
5 71T 
(A5-1) 
The amplitude of X therefore ,  i s  2XMO/7r. 1' 
* 
A l s o ,  f o r  f 2 ( y )  
* X * X * 
MO Cos y - 0.433 - MO COS 2 y f 2 ( Y )  = -0.232 - 
IT B 
X * X * 
+ 0.65 M0,Cos 4 y + 0.65 MO Cos 5 y 
,IT 7T 
q_ - 
* + 0 (Cos 6 y) + . e 
X * X * 
-1.33 MO S i n  y - 0.25 MO S i n  2 y 
n. lT 
- -
X * X * 
MO S i n  4 y +,1,33 MO S i n  3 y + 0.375 - - 
a a 
* X * 
-0.375 MO S i n  5 y - 0.66 MO S i n  6 y X - -
+ e  0 a 
(A5-2) 
For the t o t a l  function, 
the amplitude of h = (2 -0.66) XMo/ IT 1 
= 1.33 XMo/ B 
and t h e  amplitude of X2 = 0.232 XMo/ n 
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Consider t h e  decay of A i n  t he  t o t a l  funct ion compared 2 * * 
t o  A1 i n  f l ( y ) .  
is  ”0.01, i .e. 
I f  f o r  f l ( y ) ,  l i m i t  of de tec t ion  of inhomogeneity 
then f o r  t h e  t o t a l  funct ion,  the decay f a c t o r  which can be to le ra ted  
0.01 I(2XM0/rr)/(0.232 XM0/rr9 1 
= 0.086 
2 So ( D t ) e f f / A  = 0.068 
Hence, homogenization of t h e  t o t a l  funct ion is  r e l a t ed  t o  t h a t  of 
* 
f l ( Y )  by 
Thus, the  thermal h i s to ry  i s  20 t i m e s  more than f o r  t he  
case discussed i n  Chapter 11. 
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(2)  HOMOGENIZATION OF THE 3-DIMENSIONAL HEXAGONAL STRUCTURE 
W I T H  SPHERICAL PARTICLES RICH I N  ELEMENT M, EMBEDDED 
I N  M-DEPLETED MATRIX 
Let us make two simplifying assumptions : 
(a) a l l  M-rich p a r t i c l e s  a re  of radius  p ,  and are  
d is t r ibu ted  i n  hexagonal packing with nearest  neighbor dis tance = 2a 
(b) surface of the sphere r = a is  impermeable. 
These assumptions reduce our problem t o  the  case of d i f -  
, 
fusion of a s ingle  sphere i n t o  a concentric f i n i t e  sphere. 
The i n i t i a l  concentration is  given by 
fCr) = Xo f o r  0 < r e p 
= O  f o r p < r < a  
111) A t  t > 0, X is given by (rl 
2 2 2 c o  
a 
0 n=l 
x = -  .: 1 r f ( r ) d r  + - 
ar C exp (-Da,t) Cr) a 
Sin M r a n 
S in  M a o n 
1 r ' f ( r ' 9 S i n a  r ' d r '  2 n 
(A5-49 
where a are  the pos i t i ve  roots  of n 
aa Cot aa = 1 (AS-5) n n 
The f i r s t  t e r m  on the r i g h t  hand s ide  of (AS-4) is  the  mean 5; = 
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3 3  
(X p /a 1 i n  the composite. 
as 
The second t e r m  which caq be rewr i t ten  
0 
Sin  a p cos a p 
[ 2  a n 
- p  n 1  a 
n 
(A5-6) 
represents  the  correct ive t e r m  above the mean. 
If p = a/2, then a t  r = p ,  the correct ive terms up t o  n = 3 
can be expressed as 
2 AX/XQ = -0,102 exp (-20.25 D t / a  1 
2 
-4- 0.16 exp (-59,7 Dt/a ) (A5-7) 
A t  large times, when 
D t / a 2  > 0.2 
IAX/Xol C O00O3b76 
Which is  a negl igible  correction. 
I n  the l i m i t  r 4 0  
( S i n  r a  )/r -+a n n 
And SO 1 QAX/X 1 I = 0.007 
0 r=o 
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Thus, the times to achieve the limit of no further occurrence 
of detectable homogenization do not differ significantly from the case 
of unidirectional lamina discussed i n  Chapter 11. 
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